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Chapter I1.9

Beam instrumentation

Peter Forck
GSI Helmbholtz Centre for Heavy Ion Research, Darmstadt, Germany

The determination of beam parameters is essential for the operation and development of any
accelerator facility. The working principle of frequently used beam instruments for electron
and proton beams is discussed. The article includes the beam instrumentation for beam current
determination, methods for transverse profile and emittance diagnostics, the usage of beam position
monitors for bunched beams, bunch shape measurement and the usage of beam loss monitors. The
article also deals with the physical basis of various monitors and applications for beam diagnostics
at typical linear and circular accelerators for electrons and protons.

I1.9.1 Demands for beam diagnostics

Beam diagnostics is an essential constituent of any accelerator. The “sensory organ” shows the particle
beam’s properties and behaviour. It deals with the actual beam, including all possible imperfections of
an existing technical installation. Without adequate diagnostics, one would “blindly grope around in the
dark” for the accelerator settings, and improvements are hardly achievable. There are four categories of

diagnostic demands at any facility:

— Reliable, quick measurements to determine the basic parameters of a machine setting used as a fast
check of the general functionality. The readings from the instrumentation give a single number or
simple plots. These devices should be non-destructive for the beam, yielding online information.
A prominent example is a current measurement by a transformer, as shown in Fig. 11.9.13 accom-

panied by the display of the average current in the form of one single number.

— Instrumentation built for a daily check of performance and stability or for controlling necessary
parameter changes in the accelerator setting. It can also be used to solve more straightforward
machine problems in case of malfunction. An example is the transverse profile determination, in
most cases performed by a destructive device as discussed in Section 11.9.3; Fig. 11.9.48 contains
transverse profiles along the beam path as displayed in the control room at the GSI facility during
the regular operating procedure.

— Complex instrumentation for the commissioning of a new accelerator component, for the devel-
opment of increasing performance and for solving more severe problems in case of a malfunction.
The devices can be more complex to use and might be destructive for the beam. Creating reliable

information about the complex beam behaviour is essential, allowing a clear interpretation. The
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11.9.1. Demands for beam diagnostics

determination of the beam emittance is an important example for the commissioning of a LINAC;
these methods are discussed in Section I1.9.4. For a synchrotron, the measurement of lattice pa-
rameters, like the tune, chromaticity or S-function, are required to achieve higher performance and
for the comparison to theoretical calculations; related methods are discussed in Section 11.9.5.12
and 11.9.5.13.

— An additional application is the active influence of the device settings after detecting the beam’s
properties. Generally, a feedback system concerning a given beam parameter yields an improved
beam delivery. An example is the reading of the beam position by beam position monitor, as
discussed in Section I1.9.5, and the correction of the orbit to its nominal value. Different reaction
times are typical, from less than us to s, depending on the requirement for a given accelerator
facility. Such feedback systems involve the beam instrumentation as the input of the correction
calculation, as mentioned in Section 11.9.5.11. These extensive beam control systems are out of

this lecture’s scope and will not be discussed here.

The frontiers between these categories are smooth but should give a rough guideline for the design,

construction and use of different types of diagnostics.

There is a large variety of beam parameters to be measured. All essential parameters should be
controllable for a good alignment of the beam. Table I1.9.1 gives an overview of essential beam quan-
tities and the commonly used diagnostic devices and methods. The general properties for most of these
devices will be discussed in the following sections without going deeply into details; i.e., the course gives
reasonable coverage rather than a detailed description. For some parameters, the type of instrumentation
differs for LINACs and synchrotrons due to their different accelerating principles. A prominent exam-
ple is that in a LINAC or a transfer line, the beam passes only once, while in a synchrotron, the beam
evolution of thousands of passages has to be determined. Non-destructive methods are preferred for a
synchrotron to monitor the beam behaviour without affecting the circulating beam. Moreover, electron
and proton beams have entirely different behaviour. A simple example is that electrons are relativistic
just after the first LINAC modules, while for protons, several 100 m long LINACs or even a synchrotron
is needed to reach significant relativistic conditions. Another difference is the emission of synchrotron
radiation by electrons, while this process occurs for protons only at the highest reachable energies, like in
LHC at CERN. Table I1.9.1 shows that the same beam quantity can be determined with different devices.
Which instrumentation is most suited depends on the various beam parameters themselves. On the other

hand, several beam quantities can be determined with the same type of instrument.

Some of the instruments in Table I1.9.1 require the insertion of material into the beam, referred
to as invasive diagnostics. Synonyms for this word are intersecting or intercepting instruments; the
nature of the instrumentation will be discussed in the related sections. The amount of beam influence
also depends on the beam properties as related to the beam’s energy loss and possible straggling. Non-

invasive diagnostics methods are generally preferred for two reasons:

— With non-invasive instrumentation, the beam is not influenced and can be measured simultaneously
at different locations within a transfer line. Moreover, for the beam stored in a synchrotron, the
evolution of beam parameters over time can be determined; hence, non-invasive instrumentation

is regularly used in circular accelerators.
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Table I1.9.1: Beam parameters and the most commonly used beam diagnostics.

Beam quantity LINAC, transfer line Synchrotron
current 1 general || transformer (dc, pulsed) transformer (dc)
Faraday cup
special particle detector normalized pick-up signal
(Scintillator, IC, SEM)
position T general || pick-up pick-up
special using profile measurement cavity excitation (e™)
profile Zyiqth general || SEM-grid, wire scanner ionization profile monitor
scintillation screen, OTR screen | synch. radiation (e™)
special grid with ampl. MWPC) wire scanner
trans. emittance general || slit grid ionization profile monitor
Etrans quadrupole scan wire scanner
special pepper-pot wire scanner
momentum general || pick-up (ToF) pick-up
pand Ap/p special magn. spectrometer Schottky noise pick-up
bunch width Ay | general || pick-up pick-up
wall current monitor
streak camera (e™)
special secondary electrons arrival
arrival at particle detector
electro-optical modulation electro-optical modulation
long. emittance general || magn. spectrometer
€long buncher scan
special TOF application pick-up + tomography
tune, chromaticity | general | — exciter + pick-up (BTF)
Q, ¢ special || — transverse Schottky pick-up
beam 10SS 7jogs general particle detector
polarization P general particle detector
special Compton scattering with laser
luminosity £ general particle detector

— The power released by the beam in intersecting materials might be sufficient for damaging the

material. There is a particular risk at high-current proton beam transfer lines and high-intensity

LINACsS.

Diagnostics are a vital part of any accelerator. About 3 % to 10 % of the total cost of an accelerator

facility.

As a first look at “real-life”, Fig. I1.9.1 shows an instrumental assembly installed behind the heavy

facility (without the civil construction costs) is usually related to beam instrumentation. However, due
to the complex physics and techniques involved, the personnel involved in the design, operation, and

further development of beam diagnostics usually exceed 10 % of the entire personnel of an accelerator

ion LINAC at GSI during its commissioning phase. This equipment measured all relevant beam pa-
rameters extensively for several weeks for each LINAC module. The beam quantities were: Current,
transverse profile, transverse emittance, energy, bunch position, bunch structure, and longitudinal emit-

tance in dependence on various device parameter settings. Now, the equipment is installed behind the
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Fig. I1.9.1: Photo of a movable test bench provided for commissioning of the high current RFQ of GSI
(green tank on the left).

last module for permanent use during operation and for further beam characterisation and improvements.

Most of the diagnostic instrumentation is based on one of the following physical processes with

related technical realisations:

— The electro-magnetic influence of moving charges on the environment is described by classical
electro-dynamics theory as given by the Maxwell equations. The technique is based on a voltage
or current measurement on a low or high-frequency scale. Examples are beam transformers or
pick-ups.

— The emission of photons by accelerated charges can be used. This diagnostic is essential for
relativistic particles, i.e. electrons or highly energetic protons. The technique is based on optical
methods spanning the visible range up to the X-ray region. Examples are synchrotron radiation
monitors for transverse beam profile and longitudinally for bunch shape measurements.

— The Coulomb interaction of charged particles penetrating matter is described by atomic or solid-
state physics. The energy release due to electronic stopping gives the dominant fraction of the
detected signal. The technique is based on current measurements or the observation of light by
optical methods. Examples are scintillators, viewing screens, secondary electron emission grids,
ionisation chambers, and ionisation profile monitors.

— The nuclear- or elementary particle physics interaction between the accelerated particles and a
fixed target or between colliding beams is relevant. From the known cross sections, the beam
quantity can be deduced. The technique is based on nuclear- or elementary particle physics de-
tectors. Examples are polarimeters, luminosity monitors, or beam loss monitors used for machine
protection and alignment.

— The interaction of the particles with a photon beam can be used. The technique is based on lasers,
their associated optics, and detectors for high-energy physics. Examples are laser scanners or

Compton polarimeters. These are highly specialised instruments and are not further discussed in
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this introduction.

This lecture focuses on the principles of some commonly used devices; not all interesting aspects can be
covered. Excellent introductory descriptions for beam diagnostics exist, as well as several books related
to various related topics [1]. Information on particular realisations can be found in the proceedings of
dedicated beam diagnostics conferences and as a part of the general accelerator conferences [2]. In
the literature, one can find extensive descriptions of the full instrumentation used at an ion synchrotron
(RHIC at Brookhaven USA [3]) and an electron-positron collider (KEKB in Japan [4]).

Normally, the yield of information from the diagnostic devices follows three successive steps from
the measurement up to the display of the quantity of interest, as shown in Fig. I1.9.2 for the case of an

electro-magnetic beam position monitor:

— Firstly, the beam interacts with the detector. The captured signal has to be amplified and shaped
by analogue electronics. Low noise analogue processing is essential at this step. This analogue

electronics is usually installed close to the beam pipe.

— The amplified signal is transferred via cables from the accelerator area to a local electronics room.
The distance between these two locations can be several 100 m. Further signal conditioning can
proceed here, and the signal might be combined with other parameters reflecting the accelerator
settings. This is often realised by analogue electronics. The original or modified signal is then
digitised and stored by an oscilloscope or a digital bus system. Examples of bus systems are
field buses like CAN- or PROFI-bus or crate-based systems like CAMAC, VME, PXI, uTCA,
or CompactPCI. Digital signal processing can be applied to the data, which is usually the case
in state-of-the-art accelerator facilities as it overtook the role of the previously installed analogue

electronics. The control of the electronics is to be performed at this location.

— As the final step, the data, or in most cases a reduced subset, are passed to a PC in the operator’s
control room. Here, the desired beam properties are visualised. Moreover, the device parameters
of the accelerator, such as magnet currents or rf voltages, can be modified from the control room to
influence the beam. The resulting effect on the beam is then observed with a new set of measured
data.

In this lecture, we focus on the action of the beam on the detector. Raw data are shown for
several systems to explain the general detector functionality. The preceding analogue electronics are
only discussed briefly. Digitalisation techniques are beyond the scope of this introduction, even though
they are essential and require a significant effort. Digital electronics is not a pure diagnostics subject,
and the realisation is comparable to many other control applications. From the data analysis on the PC,
only typical results are presented; neither details for the realisation of the algorithms nor the associated

software at the various steps are described.

Most examples in this lecture are measured at the GSI facility because the author is most familiar
with these realisations. It does not mean GSI has the most advanced systems; better installations might
exist at other facilities. The GSI accelerator facility, as shown in Fig. 11.9.3, consists of two-step pulsed
LINACSs running on 36 MHz and 108 MHz, respectively, to accelerate all ions from different ion sources

up to 12 MeV/u, corresponding to a velocity of 8 = v/c = 0.15. This energy is well above the so-called
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Fig. I1.9.2: Schematics of typical beam diagnostics installation using a beam position monitor as an
example. The beam signal is captured by analogue electronics and digitised in a local electronics room.
The measured parameters and the device setting can be influenced from the control room.
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Fig. I1.9.3: The GSI heavy ion accelerator facility.

Coulomb barrier, where nuclear reactions are possible. Experiments with these beams are performed
in the low-energy experimental hall. For achieving higher energies up to 2 GeV/u, corresponding to
B = 0.95, a synchrotron with 218 m circumference, the SIS (German for Schwerionen-Synchtrotron), is
used. The beam can be transferred to the storage ring ESR with a single bunch transfer (so-called fast
extraction). Alternatively, it can be sent to fixed target experiments in this fast mode or slow extraction
lasting from 1 to 10 s. The scientific investigations at these targets are related to nuclear, atomic or
plasma physics and human cancer therapy.

We restrict the lecture to the accelerator instrumentation for stable particles with a moderate cur-
rent range. Typical applications at these facilities are experiments in atomic, solid state, biological, nu-
clear, and particle physics, as well as using synchrotron radiation sources. We do not treat the diagnostic

needs, e.g., for radioactive beams with low current or the high current beam produced by wake-field
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accelerators for short beam durations. Moreover, the special diagnostics for negative H~ beams are
not discussed. The measurement of polarisation and luminosity at colliders uses particle detectors and

well-known cross-sections for secondary particle production, which is beyond this introduction’s scope.

At the end of this introduction, we emphasise that beam diagnostic is essential to achieve stable
accelerator operation and the best possible beam quality. It is, hence, of central importance when it

comes to scientific advances and applications that benefit society.

11.9.2 Measurement of beam current

The total electrical current is one of the most essential parameters for the operation of a particle accel-
erator. In daily operation, a first check concerns the current in almost all accelerator laboratories; in
most cases, it is measured with a beam current transformer. This device works for electron and proton
LINACs and synchrotrons, even for short pulses, like as found for example in the transfer lines between
synchrotrons, as well as for un-bunched beams as found for example in proton storage rings. These
devices are commercially available [5], even though quite different types are used. A general overview
of the current measurement device is presented in Ref. [6]. The principle of current transformers is the
detection of the magnetic field accompanied by any beam current. For currents below about 1 uA, trans-
formers cannot be used due to noise limitations. Because of their functioning principle, transformers are

always non-invasive devices.

From the first days of accelerators, Faraday cups were used. The cup directly measures the particle
beam’s charge as it stops all beam particles by the intersecting material of the Faraday cup. For high beam
currents, this invasive method can not be applied because the total energy carried by the beam can destroy
the intercepting Faraday cup material. The penetration depth reaches more than several cm for particles
with energies above some 100 MeV/u for protons and ions; hence the Faraday cups are no longer useful

for those beam parameters.

Particle detectors are used for low currents but higher energies above about 100 MeV/u for protons
and ions. Here, the energy loss of the charged particle travelling through matter is detected. Either the
particles are counted directly, or the particle flux can be calculated with the help of a calibration. For
most parameters, this is an invasive method. Slow extraction from a synchrotron within a typical duration

of some seconds is an example of typical beam parameters.

Before discussing the different beam current monitors in detail, we define the time structure of a
pulsed LINAC according to Fig. 11.9.4:

— The average or mean current I,y is the long time average as given in units of A.
— The macro pulse current I,y is the time average during the beam delivery. In most cases, this is
given in units of Ampere [A].

— The current within a bunch I,,cn, Sometimes also called the micro pulse current. In most cases,

the number of particles or charges per bunch is given.

Pulsed LINACs or pulsed cyclotrons can be used as an injector to a synchrotron, where only a
typical pulse length of 100 us is needed for a multi-turn injection. For a single-turn injection, the time

is of the order of 10 us. For other applications, like in atomic or nuclear physics, a cw (continuous
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Fig. I1.9.4: The time structure of the different currents at a pulsed LINAC.

wave) accelerator is used. Here, the bunches are delivered for an “infinitely” long time. The macro
pulse current I, then equals the average current Iyean, but the bunch structure remains due to the rf
acceleration by a LINAC or a cyclotron. There also exist types of accelerators which do not produce
bunched beams; examples are Van-de-Graaff- and Cockcroft-Walton accelerator types based on electro-

static acceleration. In this case all three types of currents are equal.

11.9.2.1 Current transformer for pulsed beams
11.9.2.1.1 General considerations and passive transformer
In an accelerator, the current is formed by Nt particles of charge state ¢ per unit of time ¢ or unit of

length [ and velocity 5 = v/c. The electrical current passing through a given location is

Noar Npar
Ibeam = 1 tpa : = 1 lpa L. BC (H91)

with e being the elementary charge. The magnetic field B of a current can be calculated according to the

Biot—Savart law .
dl x 7

dé = polpeam W

(11.9.2)

with po = 47 -1077 Vs/Am is the permeability of the vacuum, dl the length in direction of the beam and
7 the distance between the centre of the beam and the coordinate where the field is determined. Due to
the cylindrical symmetry outside of the beam, only the azimuthal component has to be considered along

the unitary vector €, as shown in Fig. I1.9.5

= L, .
B =g 2:’::‘ "€y . (11.9.3)

For a beam current of 1 1A and a distance of 10 cm, the magnetic field has a value of only 2 pT. To put

this into perspective, the constant and homogeneous earth magnetic field has a value of about 50 yT.

The beam current can be determined by monitoring the accompanied magnetic field with a current
transformer schematically shown in Fig. I1.9.6. The beam passes through a highly permeable torus as the
“primary winding”. An insulated wire wound around the torus with /N turns serves as the transformer’s
“secondary winding” with the inductance L. The inductance L for a torus material of length [ in beam

direction, inner radius r; and outer radius r, having a relative permeability u, and N windings is given
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Fig. I1.9.5: The magnetic field of around a current.
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Fig. I1.9.6: Scheme of a current transformer built as a ring-core (torus) around the beam (left) and the
simplified equivalent circuit (right).

by

L= Hotr N2 e (119.4)
2 i

The value of the induction can be chosen by the core size (as given by 7; and r,) and the number of
windings N. A further reason for the torus is to guide the field-lines, so only the azimuthal component

is measured, and the signal strength is nearly independent of the beam position inside the vacuum pipe.

Generally, for an ideal current transformer loaded with a low value of ohmic resistance R,the

relation between the primary current I, and secondary current I is given by

N 1
— prim Iprim —— ISQC = N . Iprim due to Nprim =1 (1195)

with N; the number of winding on the primary side, which is one due to the single pass of the beam

through the torus. Ny is the winding number on the secondary side, called N for simplicity.

For most practical cases, a measurement of a voltage U is preferred, therefore the resistance R is

introduced leading to

R
U=R-I% = N “Theam - (11.9.6)

The ratio between the usable signal voltage U and the beam current I}, is referred to as sensitivity S

(or transfer impedance, for a more detailed discussion see Section 11.9.5.1)

U=S5"Leam - 11.9.7)

To understand the design criteria for the various applications, one has to consider the electrical
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properties of the transformer in more detail. With different external electrical elements, the response to
a given time structure of the beam can be widely influenced. We first consider the characteristics of a
so-called passive transformer or Fast Current Transformer FCT, where the voltage across a 50 €2 resistor
is recorded. The equivalent circuit of the secondary transformer side is depicted in Fig. I1.9.6 on the right
side. The beam current is modelled by a current source with a reduction given by the number of windings
N according to Eq. 11.9.5. One has to take also some stray capacitance Cg into account, which is caused
by the capacitance between the windings, the windings and the torus and along the shielded cable to the
resistor R. To determine the voltage U (), the impedance of the parallel shunt of the three elements in

dependence of the excitation frequency f or the angular frequency w = 27 f is

1 1 1
— = —— 4 = +1 ) 11.9.8
7 iwL+R+MCS (11.9.8)
Using some algebra, this is equivalent to
jw L
7z i (1L9.9)

" 1+ iwL/R—wL/R-wRCs

This equation can be analysed for three different frequency ranges:

— Low frequency range assuming w < % :
In this case, the second and third terms in the denominator of Eq. I11.9.9 can be neglected. The
resulting impedance is then
Z —iwl . (I1.9.10)

The meaning of this equation is that the usable signal at the resistor R decreases proportionally
to the excitation frequency because the inductance acts as a short circuit for low frequencies. In
particular, at w = 0 no signal can be recorded. It reflects the well-known fact that a transformer
can not handle DC-currents.

— High frequency range assuming w > RLCS :
In this case, the first and second terms in the denominator of Eq. I1.9.9 can be neglected. The

impedance is then given by
1

iwCg

Z — I1.9.11)

IT reflects that for high frequencies, the current is mainly flowing through the capacitor; therefore,
the voltage drop at the resistor R is low.

— Working region % Cw <K RLCS :
For this case, the second term in the denominator of Eq. I1.9.9 dominates, and terms one and three

of Eq. 11.9.8 can be neglected. The impedance is then given by
Z~R . (I1.9.12)

This is the usable working region where the voltage drop across the resistor is significant. The
working region can be chosen across a wide range as given by the values of the electrical elements

L and C. Generally, for a parallel RLC-circuit as shown in Fig I1.9.6, oscillations are inhibited if
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Fig. 11.9.7: Left: The response of a transformer to a rectangular pulse and a more realistic beam pulse.
Right: The corresponding frequency-domain plot for the sensitivity as a function of frequency.

the condition R < 1/2 - /L/C is fulfilled. In particular, the low value of the resistor R = 50 2

to ground allows for a current flow, resulting in an over-damping of possible oscillations.

The frequencies mentioned above restrict the working region with a correct response of the measured
signal with respect to the beam current. Fig. I1.9.7 depicts the relevant properties: At the lower frequency
boundary the signal decreases; the frequency fio, for which the signal is decreased by a factor of e ! =
0.37 is called the low cut-off frequency fiow and is given by wiow = 27 flow = R/L. At the upper
boundary, the corresponding value whigh = 1/RCY is called upper cut-off frequency.

For the following discussion, we are more interested in the time response of the measurement
device to a given beam pulse. Therefore, one frequently uses the rise time constant 7yise and the droop
time constant Tq,o0p as depicted in Fig. 11.9.7 left: If a step-function gives the excitation, the signal
amplitude A increases as A < (1 — et/ Trise ) and Tyjse coOrresponds to the time for an increase by e~ =

37%. It is linked to the upper cut-off frequency by
1 1

- _ _ (I1.9.13)
7 Wnigh 27 fhigh

Similarly, the droop time constant is linked to the lower cut-off frequency as

1
Tdroop = 27 fiom . (11.9.14)

Both equations have a general meaning and will be used to transfer quantities like bandwidth, as given

in the frequency domain of Fig. I1.9.7, into the corresponding description in the time domain !.

For the passive current transformer as described by the equivalent circuit of Fig. I1.9.6 (left) the

'In the time domain one uses either the rise time constant Tyise OF more frequently the rise time t,ise, as defined from an
amplitude increase from 10 to 90%. It can be written as
In0.9—-1n0.1 In9 1

b — _ . ~22 e . 119.15
5 Whigh 27 frigh  3fnigh > ( )

Both quantities are therefore connected by trise = In9 - Trise =~ 2.2 - Trise.
The same relations hold for the droop time

tdroop = 3f1 ~22. Tdroop (11916)
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Fig. I1.9.8: Equivalent circuits of a passive beam transformer (left) and an active transformer (right).

rise and droop time constants are given by

Trise = RCs and  Taroop = % 11.9.17)

A more realistic schematic diagram of the passive transformer is shown in Fig. I1.9.8. The main
difference is the additional loss resistivity in the cables, which is represented by an additional resistor
Ry, included in series in the diagram. Additionally, there is a stray inductance between the windings,
best modelled by a serial insertion of an inductance Lg. For the higher frequencies response, one has to
consider the frequency dependence of the permeability u, of the torus made of CoFe-based amorphous
alloy (so-called Vitrovac®) with u, ~ 10° for low frequencies. But the permeability decreases above
f ~ 100 kHz with a scaling p, o 1/f; hence, the inductance of the torus decreases. For frequencies
above ~ 100 MHz, the stray inductance is the dominant contribution. With these two modifications, the

rise and droop times are modified to yield

L

_— 11.9.18
R+ Ry, ( )

Trise = V LsCs  and  Tqroop =

Passive transformers are used in transfer lines when short beam pulses have to be measured.

Fig. 11.9.9 shows an example of one bunch extracted from a synchrotron within one revolution, the
so-called fast extraction. In the latter case, the passive transformer is installed in the beam pipe outside
the synchrotron. The observables are the actual bunch shape, the arrival time with respect to an external
reference (e.g. the acceleration frequency) and the total amount of particles gained by integrating the sig-
nal. The bunch structure can be observed with a bandwidth of typically 1 GHz, corresponding to a rise
time constant of 735 = 160 ps [5,8]. As a second example, the observation of the bunch structure during
acceleration inside a synchrotron is shown in Fig. I1.9.10 for the acceleration of an ion beam injected at
a non-relativistic velocity of 5 = v/c = 15% and accelerated to 5 = 69%. Due to the velocity increase,
the bunches approach each other and get smaller as expected from the conservation of the normalised
longitudinal emittance, see Section 11.9.6. Generally, the observation of the bunches during acceleration
and possible bunch merging or splitting is observed by the FCT, and eventually, a feedback system for
the control of the acceleration frequency, amplitude and phase is generated from the FCT signal. An
innovative diagnostics method has been developed [9, 10] to determine the longitudinal phase space dis-

tribution and hence the longitudinal emittance from a measurement of the bunch shape on a turn-by-turn
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Fig. 11.9.9: Left: Photo of a commercially available passive transformer [5]. Right: The signal from a
passive transformer for a single beam bunch extracted from the GSI synchrotron at 300 MeV/u.
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. 11.9.10: Left: Sigrglrﬁg [#rsg)m a passive transformer installed in GSI synchrotron during the accelera-
tion of a U3t beam. The beam is injected at 11 MeV/u, corresponding to a velocity of 3 = 15% then
four bunches are built and accelerated to 350 MeV/u, corresponding to S = 69% with an accelerating
frequency swing from 0.85 MHz to 3.80 MHz within 0.3 s. Each 0.15 ms, a trace of the circulating

bunches are shown. Right: The width (one standard deviation) of the bunches during acceleration is
shown.

.y

basis. The idea is based on the tomographic reconstruction used as an imaging technique in medicine for
X-ray tomography.

An example is the observation of the bunch structure during acceleration inside a synchrotron,
as shown in Fig. I1.9.10 for the acceleration of an ion beam injected at a non-relativistic velocity of
B = 15% of velocity of light and accelerated to 5 = 69%. A second example is shown in Fig. 11.9.9
for one bunch extracted from a synchrotron within one revolution, the so-called fast extraction. In the
latter case, the passive transformer is installed in the beam pipe outside the synchrotron. The beam pulse
length is typically between 1 ns and 10 ps. Moreover, with the passive transformer, the bunch structure in
time domain can be observed, and a bandwidth typically of 1 GHz, corresponding to a rise time constant
of Tise = 160 ps, can be achieved [5, 8]. The specifications of the GSI device are listed in Table 11.9.2.

Careful matching is necessary between the torus and the 50 ) resistor R, where the voltage drop is
measured.

To get the right choice of the parameters of a passive transformer, we have some requirements:

1. For a high sensitivity, i.e., a large voltage U, a low number of windings is preferred, according to
U(t) < 1/N in Eq. I1.9.6.

2. For a long droop time constant, i.e., the possibility of measuring long beam pulses, a large in-

ductance has to be used. The scaling is L oc N2 and L o< j, as given in Eq. 11.9.4. Therefore
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Table I1.9.2: Basic specification of the GSI passive transformer [8].

Parameter Value
Torus radii ri = 70 mm, 7, = 90 mm
Torus thickness [ 16 mm

Torus material
Torus permeability pi,
Number of windings N

Sensitivity S

Current resolution I, for S/N =1

Droop time constant Tgyoop = L/R
Rise time constant Tyise = \/LsCs

Bandwidth

Vitrovac 6025: (CoFe)7qy,(MoSiB)3qg

pr =~ 105 for f < 100 kHz, p1, o< 1/ f above

10

4 V/A at R = 50 © (10* V/A with amplifier)

40 pA, s for full bandwidth

0.2 ms, corresponding to 5% per 10 us pulse length
250 ps

fiow = 0.75 kHz to fhigh = 660 MHz

materials with high permeability are used, e.g., CoFe-based amorphous alloy (so-called Vitrovac®)

with z, ~ 10°. For higher frequencies, i, decreases and, therefore, the torus inductance L. A typ-

ical cut-off frequency is 100 kHz with a scaling for higher frequencies p, o< 1/ f.

3. To achieve a fast rise time and, therefore, a fast response, the stray capacity Cs should be low due

t0 Trige X V LsCs.

An additional general point is that close to the transformer, the electrical conductivity of the beam

pipe has to be interrupted, as schematically shown in Fig. I1.9.11. This is done with an insulator, realised

by either a ceramic gap or a plastic vacuum seal. The reason is to prevent image current flowing inside

the transformer torus. This image current has the opposite sign than the beam current, and without the

gap, the field from the image currents add up to zero. Some metallic housing must bypass the image

current outside of the transformer torus. It is surrounded by high permeability u-metal, also used to

shield the transformer against external magnetic fields. A general review on transformers is presented in

Refs. [6,7].

metal shield

| | signal

with high
permeability

image

current

torus

image
current

t

pipe

beam ————»

ceramic
gap

transformer
torus

magnetic shield &
current bypass

Fig. I1.9.11: Left: The schematics show the general scheme beam pipe intersected by a ceramic gap and
a transformer housing as used as an image current pass and shielding against external magnetic fields is
shown. Right: The technical drawing for a transformer arrangement surrounding a beam pipe, including
the gap and magnetic shield, is shown.

1352



CERN Yellow Reports: Monographs, CERN-2024-003

Table I1.9.3: Some basic specifications of the GSI LINAC active current transformer. Due to the usage
of an operational amplifier, the sensitivity is significantly higher than for the passive transformer of
Table 11.9.2.

Parameter Value

Torus radii ri = 30 mm, r, = 45 mm

Torus thickness [ 25 mm

Torus material Vitrovac 6025: (CoFe)rgo,(MoSiB)3q
Torus permeability i, ~ 10°

Number of windings N 2 x 10 with opposite orientation
Maximal sensitivity S 10% V/A (with operational-amplifier)
Ranges of the beam current 1 A to 100 mA

Current resolution I i, for S/N =1 0.2 uA, s for full bandwidth

Droop < 0.5% for 5 ms pulse length

Upper cut-off frequency fhigh 1 MHz (as given by the op-amp property)
Rise time constant Tyige 160 ns

11.9.2.1.2 Active AC-transformer

For the observation of beam pulses longer than several us, the droop of a passive transformer leads to
significant deformation of the measured signal, as schematically shown in Fig. 11.9.7. The droop time
constant can be made much longer by using an operational amplifier (op-amp) with a feedback resistor R¢
and an open-loop gain A, instead of a constant resistor to measure the voltage. The equivalent circuit is
shown in Fig. I1.9.8 (right). This scheme is Active Current Transformer ACT. The effect is the reduction
of the operational-amplifier input resistance by a factor of R¢/A. This setup refers to as trans-impedance
amplifier or current-to-voltage converter. The remaining resistance is, in most cases, only given by the
cable resistivity Ry, due to R¢/A < Ry,. The droop is now

L L

e 119.19
Tdroop R¢/A+ R, Ry ( )

Droop time constants up to 1 second are possible. (Typical cable resistance values are Ry, ~ 1 £2.) An
additional winding (not shown in Fig. I1.9.8 right) can be used to compensate for the “natural” known
droop. Moreover, the operational amplifier’s feedback resistor Ry can be used for range switching. This

principle is called the active transformer or Alternating Current Current Transformer ACCT.

The rise time Tyise for this active type is much larger than for the passive type. This is mainly due
to the choice of low bandwidth (low value of the upper cut-off frequency) of the operational amplifier to
reduce the amplifier’s high-frequency noise significantly. This results in the high sensitivity of an active

transformer.

We discuss here a typical device [8] used at the heavy ion LINAC at GSI with a pulse length
of 100 us (used for the filling of a synchrotron) and 5 ms (used directly by the experiments). The
macro pulse current ranges from the low detection threshold of ~ 200 nA up to 100 mA. The extensive
dynamic range depends on the operational needs and the maximum current the ion source can deliver.
Figure 11.9.12 shows the hardware of an ACT and Table I1.9.3 contains the parameters for a commercially

available type [5].
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Fig. 11.9.12: Left: Photo of an AC-current transformer used at the pulsed heavy ion LINAC at GSI.
The torus with the differential winding is shown together with the electronic modules. Right: Technical
drawing of the same transformer.
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Fig. I1.9.13: Left: Transmission determination by AC-transformers at three different locations at the GSI
LINAC using a Ni>* beam from a high current source. The upper curve shows the current after the ion
source where all charge states are present. The second curve behind a magnetic bend filters the Ni%*
ionic state. The third curve is the current after the first LINAC module.

Right: The multi-turn injection at GSI was measured with two AC-transformers. The upper curve is the
current delivered by the LINAC, and the lower curve is the stored current in the synchrotron. In this case,
20 turns are used, and 70% efficiency is reached for this Ni26+ beam.

The device has a rise time of 1 us and a maximum droop of only 0.5% for 5 ms long pulses. The
torus material is made of amorphous alloy (CoFe);oo,(MoSiB)sgy, (Vitrovac®), to enable considerable
sensitivity. Besides the high permeability of 1, ~ 10 it has a high electrical resistance resulting in fast
decay of eddy currents. The torus is made of flat strips of 25 um thickness with a thin insulation and is
wound to get the final thickness of 7, — r; = 15 mm. Another essential material constant is the change
of the inductance as a function of external stress, the so-called magnetostriction. A low value prevents
the micro-phonic pick-up of vibrations produced, e.g., by vacuum pumps.

A measurement done with these types of transformers is shown in Fig. 11.9.13 (left), where one
macro-pulse is recorded at three locations starting at the ion source until the exit of the first LINAC
tank. A high current beam is generated in the ion source with ~ 0.5 ms length. The slow rise of the
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Fig. I1.9.14: Schematics of a DC-transformer, see text.
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beam current before the LINAC is due to the build-up of the space charge compensation of the un-
bunched beam. A chopper in front of the LINAC generates the needed pulse length. Transformers
are essential to determine and maximise the transmission through the accelerator, particularly if the ion
source conditions are unstable. A non-destructive method is needed to follow the beam pulse for its
pass through the full accelerator. These transformers are the most frequently used diagnostics for the

operation of the accelerator.

To control the filling of a synchrotron by a pulse from a LINAC, transformers of the described
type are used. One is mounted in the external beamline, measuring the delivered current, and the other
is installed inside the synchrotron to determine the stored current. The multi-turn injection is done with
some bumper magnets to fill the horizontal acceptance of the synchrotron by the LINAC pulse, which is
much longer than the revolution period. Such a measurement at the GSI facility is shown in Fig. 11.9.13
(right): The injection takes place over 20 turns, and accumulation by a factor ~ 15 is achieved. For each

beam setting, optimisation of the injection process is an important task to achieve a maximal matching.

11.9.2.2 The DC-transformer

An essential task for beam diagnostics is the measurement of coasting (also refers to as direct current
dc) beam current. The application is either a LINAC producing a continuous beam, also referred to as a
continuous wave (also refers as to cw) mode, or a synchrotron with storage times from seconds to many
hours. The transformers discussed in the previous sections only work for a pulsed beam, even though the

droop time constant can be made to be of the order of a second.

The principle of a dc transformer, the so-called Direct Current Current Transformer DCCT
[5, 8, 11] is shown schematically in Fig. 11.9.14. It consists of two tori with three types of windings,
respectively. The first windings of each torus with opposite orientation act as a modulator. The modula-
tion frequency is typically 1-10 kHz. The amplitude of the modulation current is high enough to force the
torus into magnetic saturation of Bg,y ~ 0.6 T, for positive and negative azimuthal B-field orientation

each period. The secondary windings with equal orientation act as a detector for the modulated signal,
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later, it is subtracted. The sum of the maximum magnetisation gives the measured signal. The scheme is
drawn for a triangular modulation; the edges are smoother for a realistic sine modulation.
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Fig. 11.9.16: Left: The DC-transformer installed at the GSI synchrotron. The left torus is the DC-
transformer (two tori mounted closely together), the middle is the ac-transformer used for the feedback
of the DC-type, and the right one is the AC-transformer for the control of the injection.

Right: The signal of a DC-transformer for a 23®U"3+ beam at the GSI synchrotron. The electrical current
is shown at the top, and the number of stored particles at the bottom. The acceleration needs about 1 s.
After a delay of about 0.5 s, the slow extraction of 4 s length follows.

see Fig. [1.9.15. Assuming perfectly identical magnetic characteristics of both tori, the detector signal, as
shown in the scheme, should be zero if no beam current flows through the tori. However, an asymmetric
shifting of the hysteresis curve results if a DC-beam is fed through the tori, because of the additional
magnetic field from the beam. The sum signal Ug is different from zero with a modulation twice the
modulation frequency. In the demodulator stage, this signal is rectified. The DC-current is measured by
means of the current generated in the feedback compensation circuit, which forces the output signal back
to zero flowing through the third winding of both tori. The detector can even be used at even harmonics
of the modulation frequency, which results in higher sensitivity and improved signal-to-noise ratio. Due
to the precise requirements concerning the matching of the magnetic characteristics for a pair of tori,
the design of a magnetic modulator with high resolution and DC-stability is rather complex and depends

very much on the selection and treatment of the core material, as discussed in more detail in Ref. [11].
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Table I1.9.4: The specification of the DC-transformer installed at the GSI synchrotron.

Parameter Value

Torus radii ri = 135 mm, r, = 145mm

Torus thickness [ 10 mm

Torus material Vitrovac 6025: (CoFe);qo,(MoSiB)3g,

Torus permeability ey >~ 10°

Isolating gap AlOs3

Number of windings N 16 for modulation and sensing
12 for feedback

Ranges for beam current 300 b Ato 1 A

Current resolution I, for S/N =1 2 uA

Bandwidth dc to 20 kHz

Rise time constant Tyige 20 us

Offset compensation

+2.5 A in auto mode

< 15 pAl/day in free run

offset current temperature coefficient 1.5 pA/°C

The applied feedback circuit for the zero flux compensation makes the device sensitive and linear. To
achieve a fast response, the signal from an AC-transformer is added into the feedback circuit. With this

enhancement, the time resolution of the full device is in the range of 20 us.

The specification of a typical DC-transformer developed for the heavy ion synchrotron at GSI is
given in Table 11.9.4 and a photo in Fig. I11.9.16 (left). The resolution is about 1 pA. The offset drift,
mainly caused by the magnetic properties of the tori, is of the order of 20 A per day. An automatic zero
compensation can improve the offset at times the synchrotron does not contain any beam, e.g., after the

ramp-down phase of the magnets. For the parameters of a commercially available type, see [5].

An example of a DC-transformer measurement is shown in Fig. 11.9.16 (right). The electrical
current and the number of stored particles are shown. A 233U73+ beam is injected in the synchrotron,
and the acceleration starts shortly after the injection. A loss of particles is seen during the rf bunching
process due to some misalignment. During the acceleration, the slope of the magnetic field dB/dt = 1.3
T/s is constant, resulting in a constant rise of the particle momentum. The current grows linearly only
for non-relativistic velocities due to the decrease of the revolution time, inversely proportional to the
velocity. For the maximal energy of 750 MeV/u, corresponding to 8 = 84 %, the relativistic increase
of the mass starts to be significant. After reaching the maximum energy, a ~ 0.5 s flat top is seen for
the de-bunching phase. The slow extraction of several seconds is done by changing the tune using a
fast quadrupole to get close to a 1/3-resonance to blow up the transverse beam dimension. The resonant
beam particles are then separated from the stable circulating beam by an electro-static septum and are

extracted.

I1.9.2.3 The integrating current transformer

In the past two decades, various electron LINAC facilities came into operation for the production of
intense and short light pulses generated by the synchrotron light from high energetic electrons; these are

the so-called Free Electron Laser FEL facilities. In many cases, only one or few bunches are accelerated
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Fig. I1.9.17: Functional scheme for ICT showing the short beam bunch of 1 ps duration and its stretching
by the ICT. For the so-called turbo-ICT, the signal is filtered with a small bandwidth and the amplitude
is detected with an analogue sample&hold circuit. Drawing from company Bergoz [5].
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Fig. 11.9.18: Left: The general scheme of an ICT. Right: Technical drawing of an in-flange ICT (flange
diameter 100 mm) produced by company Bergoz [5].

with a typical bunch length below tyynch < 1 ps and repetition periods much longer than Z,, > 1 ps.
(For comparison, arise time constant of 735 = 1 ps corresponds to a bandwidth of fyien, = (2777}158)71 =
160 GHz.) A signal for such short bunches cannot be recorded by the transformer type FCT, as its rise
time constant is typically much longer and of the order of 7yi5c =~ 200 ps, corresponding to a bandwidth
of 0.8 GHz, see Table 11.9.2. The usage of an FCT would result in the damping of high frequencies
generated by the electrons’ magnetic field from the bunches. Instead, another principle referred to as
Integrating Current Transformer ICT is used to determine the number of charges accelerated within
the bunch. The related type of signal integration with the typical time scales involved is depicted in
Fig. 11.9.17.

The general principle of an ICT is based on integrating the image current accompanying the elec-
tron bunch. The scheme is depicted in Fig. 11.9.18. The electron bunch passes through two tori. These
tori are surrounded by a metallic shell made of copper due to its high conductivity. The shell has an
interruption at one side coaxially oriented to the beam pipe and bridged with several capacitors with a
sizeable total capacitance of typically Cin; ~ 1 nF. The image current, as generated by the short passage
of the electron bunch, charges these capacitors. In the following time period, the capacitors discharge
within a duration much longer than the beam pulse. This discharge-current is sensed by a regular FCT
(here called torus 2), as described in Section 11.9.2.1.1. The related time constant for the discharge is
given by the values of the integrating capacitors Ciy, the inductance of the transformer tori in connec-

tion with the winding number Ng;g,1 and the load resistor Rjgaq, see Fig. 11.9.18. Two tori are used for
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Fig. 11.9.19: Barkhausen noise generated by the change in the orientation of the Weiss domains.

the practical realisation to enable better possibilities to match those electrical parameters, in particular,
to limit the discharge current sensed by torus 2. An analysis of the equivalent electronics circuit and an
example of the realisation is given in Ref. [12]. Beside the usage at electron LINACs, ICTs are installed
at synchrotrons providing a precise bunch charge measurement in case the bunch width is significantly
shorter than the bunch spacing as, e.g. realised at LHC [12,13]. In summary, a stretching of the original
short pulse is achieved by transferring the signal to a more manageable time range which enables the
usage of regular electronics for further signal treatment. A resolution for the single bunch charge down

to typically Qmin =~ 1 pC can be reached, corresponding to 107 electrons per bunch.

A further increase of sensitivity can be achieved by filtering the signal with a narrow bandpass
filter, where the broadband pulse from torus 2 results in a ringing signal shape. Finally, the amplitude of
this damped oscillation in the range of 100 MHz is detected by an analogue sample&hold circuit and then
digitised. This principle is called Turbo-ICT; a design and its application are described in Refs. [14, 15].
The achievable resolution of a Turbo-ICT is in the order of QQin =~ 10 fC, corresponding to about 10°
electrons per bunch. The break between consecutive macro-pulses must be longer than typically 1 s to
allow for the shell discharge and the decay of the filtered signal oscillation. The related beam parameters
correspond to the lower operation limit at FEL-based LINAC facilities. The time information related to

the bunch shape is lost by this principle but is measured by other means described in Section 11.9.6.9.

11.9.2.4 The low current limit of transformers

The very low magnetic field carried by the beam is detected with a transformer; the detection threshold

or the signal-to-noise ratio is discussed briefly:

1. A first general limitation is the thermal noise of the load resistor. The effective thermal noise
voltage U.g is given by
Ueg = /4ksT - R-Af (11.9.20)

where T is the temperature of the resistor R, kg the Boltzmann constant and A f the required band-
width. A general rule is that the noise is lower for a smaller bandwidth for a passive transformer
R = 50 2 for the load resistor. For an active transformer, the amplifier noise dominates.

2. Regarding the magnetisation of the core material on an atomic scale for solid-state materials Weiss
domains develop. The maximum magnetisation is reached in such a Weiss domain, but the differ-
ent domains’ magnetisation does not have the same orientation. By applying an external field the
Weiss domains change their orientations in a jerky way. This results in a noisy behaviour, schemat-

ically demonstrated in Fig. 11.9.19; the effect is called Barkhausen noise. This limitation arises in
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the case of the dc transformer due to its operational principle involving modulation, which leads to
the saturation of the tori. In contrast, for an ac transformer, the significance of Barkhausen noise
diminishes, primarily because of the low-resistive coupling in the secondary winding (50 €2 for
the passive type and the low-impedance input of the op-amp for the active type), which effectively

prevents the magnetisation of the torus.

3. Selecting the right magnetic core material is crucial to minimize temperature sensitivity and mini-

mize the impact of mechanical vibrations, particularly in terms of reducing magnetostriction.

4. Even when the local magnetic field is accurately measured, it may not necessarily represent the
field of the beam. Specifically, the presence of eddy currents within the torus or its vicinity can re-
sult in noisy or inaccurate readings. To mitigate eddy currents, a spiral-wound flat ribbon, approx-

imately 25 um in thickness, featuring high resistivity and insulation between layers, is employed.

5. The transformer has to be well-shielded against external magnetic fields. In particular against the
fields from the bending and focusing magnets and the magnetic fields produced by turbo pumps

magnetic bearing.

6. It is imperative to control the flow of secondary electrons generated when the beam strikes the
vacuum pipe in order to prevent significant inaccuracies in the readings. Shielding within the
vacuum pipe is typically a challenging task. Therefore, precise control over beam steering becomes

crucial in addressing this issue.

The actual value of the minimum detected beam current depends on the design of the device and the
desired time resolution or bandwidth. For most beam current measurements, it is roughly around I p,;, ~
1 pA. The ICT measures electrical charges and, hence, does not have a particular time resolution. The
detection threshold is Qi ~ 10 fC.

11.9.2.5 Energy loss and ranges of particles in matter
11.9.2.5.1 Material interaction of protons and ions

For the discussion of all invasive diagnostics, such as Faraday cups, ionisation chambers, wire scanners
etc., the energy loss and the related range of the particles penetrating matter serves as the basic physical
mechanism. The energy loss of a proton or an ion is mainly due to the collision of the projectile with the

electrons of the stopping target, as referred to electronic stopping power.

Due to the different masses of ions and electrons, the energy transfer to the electron per collision is,
in most cases, below 100 eV, i.e. only a small fraction of the projectile’s kinetic energy. The electronic
stopping power % can be approximated by the semi-classical Bethe-formula which is written in its

simplest form as [16—19]

— 52 (IL9.21)

dE o o Ly 5 1 [1. 2mec®y2B2Winax
—%:47TNA7"emeC Itp p.@ §ln 1,2

with the constants: N4 the Avogadro number, m,. and 7. the rest mass and classical radius of an electron

and c the velocity of light. The target parameters are: p density of the target with nuclear mass At

and nuclear charge Z;; the quantity <%p> corresponds to the electron density. [ is the mean ionisation

potential for removing one electron from the target atoms; a rough approximation for a target with nuclear
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Fig. 11.9.20: The energy loss at the surface and the range in copper as a function of the kinetic energy
for several ions. The energy interval is plotted from 5 keV/u to 10 GeV/u and the range from 100 nm to
1 m. Electronic and nuclear stopping calculation uses the semi-empirical code SRIM [20].

charge Z is I ~ Z;-10 eV, more precise values are given e.g. in Refs. [19,20]. The projectile parameters
are: Zj, nuclear charge of the ion with velocity /5 and Lorentz factor v = (1 — 52)_1/ 2. The maximal
energy transfer Wi,,x from relativistic proton or ion projectile of rest mass M to the target electrons of

rest mass m, is given by kinematic considerations for a central collision as [19]

2m602ﬁ272

Wmax = 1+ 2,}\2% n (%)2

M
which converges for — > meto Whax = 2m6026272. (11.9.22)
Y

The approximation can be interpreted further: For proton or ion impact with non-relativistic ener-
gies, i.e. v ~ 1, the velocity of emitted electrons is maximal double of the projectile velocity as expected

from classical, mechanical collisions between hard bullets.

The Bethe-formula’s dependence on the target charge’s square Zg is remarkable. The Bethe-
formula must be modified for ionic projectiles since ions travelling through matter are not always bare
nuclei but might still have some inner electrons. The projectile nuclear charge Z, must be replaced by an
effective charge Zgﬁ(ﬂ ) in dependence of the velocity 3, as calculated by e.g. semi-empirical methods
described for the codes SRIM [20] and LISE++ [21].

The result of such semi-empirical calculation for the energy loss by SRIM is depicted in
Fig. 11.9.20 for different ions into copper as a representative for a medium-heavy metal target. The
energy loss is maximal for ions with kinetic energy around 100 keV/u to 7 MeV/u (corresponding to
velocities 5 ~ 1.5 % to 12 %) depending on the ion species. These are typical energies of a proton or ion
LINAC. Below 100 keV/u the energy loss decreases, and nuclear stopping (i.e. the Coulomb collision
between the projectile and target nucleus) becomes significant. Energies below 10 keV/u are typical for
proton/heavy ion sources mounted on a high-voltage platform. The energy loss is nearly constant for

relativistic energies above 1 GeV/u; these are characteristic energies of particles extracted from a syn-
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chrotron. Note that the Bethe-formula is valid for any charged projectile with the assumption that its
mass is significantly larger than the electron mass as the essential independent variable is related to the
projectile velocity . Frequently, the stopping power is additionally normalised to the matter density as

% is tabulated.
pdx

Due to the interaction’s statistical nature, fluctuations in the energy transfer occurs, which is gen-
erally called straggling. Related to the significant mass difference between the projectile and the target
electrons, for the projectile’s flight direction, the longitudinal straggling is lower than the range for beam
energies above 1 MeV/u and the transverse, refer to lateral straggling, leads only to small variations of
the flight path; analytic approximations are discussed in Refs. [16,17,19,20]. Therefore, the projectile
path is more or less straight with a defined range; the actual properties are calculated in codes like SRIM
or LISE++.

For even lower energies of Eyi, < 10 keV/u, e.g. at the end of a projectile track, the probability
of Coulomb collisions between the projectile and target nucleus dominates the stopping power [16, 20];
this is called nuclear stopping (note that the Coulomb force mediates and not the strong interaction). The
energy transfer in this single collision within a crystal material can result in a knock-out of the target
nucleus from its lattice position resulting in a displacement. This process leads to radiation damage of

materials.

For the consideration of a Faraday cup (see section 11.9.2.6), the range inside material is essential.
Copper is often used for cups due to its high heat conductivity. The range R of the projectile of kinetic

energy Fl, is calculated numerically via

FExin dE -1
R= / <) dE (I1.9.23)
0 dx

and has an approximate scaling for ions above ~ 10 MeV/u [16]
Rox EET . (I1.9.24)

The results are shown in Fig. 11.9.20. For kinetic energies below some 10 MeV/u for protons or ions are
shorter than about 1 mm, and a beam particle is stopped in the vacuum tube. But even for higher energies
to about several 100 MeV/u, most beam particles are stopped in the vacuum chamber as it collides, in
most cases under a grazing incidence. For energies above 1 GeV/u, material outside of the vacuum the
beam particle penetrates the vacuum chamber. Nuclear reactions might be possible leading to isotopes

with lifetimes above several minutes and, consequently to an activation.

11.9.2.5.2 Material interaction of electrons

The stopping of electrons in matter differs from protons and ions, see Fig. I11.9.21 where the sum of
the two relevant processes of collisional loss dE/dx|., and radiation loss dE/dx|.qq are added. The
collisional loss of electrons due to electronic stopping dE /dz|.y is also described by a modified Bethe
formula; the modification is caused by the equal mass of the projectile and the target electrons and their
indistinguishably [16, 19]. This regime dominates for energies below 1 MeV as corresponding to the
a velocity of 8 = v/c = 94 % and a Lorentz-factor of v = (1 — 52)71/2 = 2.96. Even a small
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Fig. 11.9.21: Left: Energy loss of electrons in copper showing the two regimes for collisional loss and
Bremsstrahlung, data calculated in Ref. [22]. Right: Schematics for collisional loss and Bremsstrahlung.
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Fig. 11.9.22: Left: Schematic drawing of the secondary electron generatloﬁy from a surface by charged

particle impact; L is the scattering length from which electrons can reach the surface. Right: A typical
measurement of the electron energy spectrum for different emission angles and the total yield in the
backward direction by 0.5 MeV proton impact on a carbon foil, from Ref. [24].

electron accelerator reaches higher final energies. For energies above a few 10 MeV, the radiation loss
by Bremsstrahlung, i.e. the emission of photons by an acceleration of the electron in the vicinity of the
target nucleus, dominant, see, e.g. Ref. [16, 19]. This radiation loss scales roughly linear to the electron

energy and quadratically to the target charge Z; as dE /dz|.qq < E - Z}.

The trajectories of the primary electrons in the target are more curved than for ions due to the possi-
ble high energy- and momentum transfer in a single collision, therefore electrons have much larger lateral
straggling than ions. Moreover, the longitudinal straggling is more substantial than for ions resulting in a
broader range distribution. Due to this extended range and the production of secondary charged particles,

Faraday cups for stopping electrons are seldom used at electron accelerators; see Section 11.9.2.8.

11.9.2.5.3 Secondary electron generation

When a charged particle, either an ion or an electron, travels through matter, it interacts with the target
electrons. In a close, primary collision the target electron can be accelerated to high energies much larger
than 100 eV, sometimes these electrons are called d-rays. The energy distribution depends on the impact

parameter and the energy of the incoming particle. In a metallic solid-state material the fast j-electrons
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collide with the surrounding electrons; because both collision partners have equal masses, the energy is
transferred efficiently and more electrons are liberated; see the schematics in Fig. 11.9.22. This so-called
thermalisation of the electrons inside the conduction band is performed in a typical scattering length of
some 10 nm, i.e. within the distance of some 100 lattice planes. Due to this many collisions, there is only
a weak correlation between the direction of the incoming particle and the scattered electrons. If these
electrons reach the surface and still have an energy higher than the work-function (typically 1 to 5 eV),
they have a high probability of escaping from the metal. The current of the secondary electrons is given

by the so-called Sternglass formula [23]

dE
Isee =Y - — - Ipeam (11.9.25)
pdx

with [eam being the current of incoming particles and Y being the yield factor describing the amount
of secondary emission per unit of energy loss % at the surface of the metal. The yield Y depends
on the metal (via the work-function) and the surface quality, e.g., modified by possible adsorbed gas
contamination. The mean kinetic energy of the escaping secondary electrons is in the order of 10 eV and
has some dependence on the emission angle; an example of the energy spectrum is shown in Fig. 11.9.22
and discussed in more detail in Ref. [24]. To first order the angular distribution P(6) of the electron
emission can be approximated by a P(0) o |cos 0| law [24], where @ is the angle of the trajectory with

respect to the surface (§ = 180° refers to backscattering, 90° < 6 < 270°).

11.9.2.6 Faraday cups for low currents

A Faraday cup, designed to measure the electrical current of a particle beam, is illustrated in Fig. 11.9.23,
with an accompanying photograph in Fig. 11.9.24. This instrument consists of an isolated metal cup con-
nected to a current-sensitive pre-amplifier. As in the case of an active beam transformer, the pre-amplifier
encompasses a low-impedance input and a subsequent conversion to voltage. Range switching is facili-
tated by utilizing various feedback resistors in conjunction with the operational amplifier. Faraday cups
offer a distinct advantage in their ability to measure significantly lower currents compared to transform-
ers. For instance, with the aid of a low-noise current-to-voltage amplifier and meticulous mechanical
design, it becomes feasible to measure currents as low as 10 pA in a dc beam with long integration times
up to 1 s. This level of sensitivity surpasses that of a dc transformer by a staggering five orders of mag-
nitude. The capability to perform low-current measurements is of paramount importance, especially in

applications such as the acceleration of radioactive beams.

When an accelerated particle hits a surface, secondary electrons are liberated, see also Sec-
tion 11.9.2.5. The flux of these electrons is proportional to cos @, where 6 is the angle of the electron
trajectory with respect to the surface; their average energy is below ~ 10 eV. If these electrons leave the
insulated cup, the reading of the beam current is wrong by this amount. A secondary electron suppression

has to be foreseen. It can be realised by:

— Very long cups, where the length in beam direction is much larger than the diameter. The contri-

bution of the lost electrons is low for this geometry; this solution is rarely chosen.

— Using a high voltage suppression close to the entrance of the cup. By applying a voltage well

above the mean energy of the secondary electrons, these electrons are pushed back to the cup

1364



CERN Yellow Reports: Monographs, CERN-2024-003

vacuum chamber

negative HV north yoke beam . 3 .
aperture J. south permanent magnet 1411
- \ [/U—converter *
~ SOmmi out
beam : B
—
¢ U flange |
- ' vacuum
electrical

feed—through
bellow

T —/ —
— S e . m
E € —emission con = air ovement

Fig. 11.9.23: Left: Scheme of an uncooled Faraday cup with magnetic and electric secondary electron
suppression. Right: Scheme depicting the inside and outside position of destructive diagnostics devices.

Fig. 11.9.24: Photo of an @50 mm uncooled Faraday cup with magnetic and electric secondary electron
suppression.

surface; see Fig. 11.9.25 (left). For the geometry of a round biased aperture, the electrical field on
the beam axis is lower than on the edges; in the depicted case, the maximum potential is about
35 % of the potential applied to the electrode. The emission of the maximal energetic electrons
occurred opposite to the beam direction, and the potential has to be chosen to be higher than the
kinetic energy of at least 99 % of the electrons. A measurement with varying suppression voltage
is shown in Fig. I11.9.25 (right).

— By using a magnetic field created by permanent magnets. In this field B, the secondary electrons

spiral around the magnetic field lines with the cyclotron radius r

 V2meByin FExinleV]

where m, is the electron mass, e its charge and Fj;, the kinetic energy component perpendicular
to the field lines. For Ey;, = 10 V and a field of 10 mT the radius r. ~ 1 mm. With permanent
magnets, field lines perpendicular to the beam axis can be created relatively easily, see Fig. 11.9.26.
Equation I1.9.26 is derived from the equivalence of the Lorentz and centrifugal force Fy, = F. <

2 . .
evB = ™<= and the kinetic energy Eyin, = %mGUQ.
C

1365



11.9.2. Measurement of beam current

Measured Current [nA]

5

Wy T T T T T T T T Y

3

emitted Electrons

2
5 potential on central axis for -1 kV(@electrode 17 3
gaou . Xe 150 KeV/u true Ion Current
gaor i 200 600 - 800 [Volts]
[ 200 ] —= Suppressor Voltage
g 100 .
9
o o 20 40 60 80 100

c
Fig. 11.9.25: Left: pelgilze[mgl]ectric potential of the Faraday cup shown in Fig. 11.9.24 with the high voltage
electrode biased by -1 kV is shown at the cylindrical symmetry plane. The beam enters from the left.
The negative potential along the central axis is depicted at the bottom. Right: The effect of secondary
electrons suppression inside a Faraday cup as determined by the beam current determination as a function
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Fig. I1.9.26: Magnetic field lines of the arrangement of Co-Sm permanent magnets within the yoke for
the Faraday cup of Fig. 11.9.24, side (left) and front view (right). At the beam location, the homogeneous
field strength is B ~ 60 mT.

11.9.2.7 Faraday cups for high current ion beams

Faraday cups are sometimes used for higher beam currents, where measurements are also possible with
AC-transformers because they are simpler to realise. In addition, cups serve as beam dumps. For all in-
vasive diagnostic devices, the heating caused by the beam’s energy loss must be considered. An example
of the temperature rise is shown in Fig. I11.9.27, where a pulsed beam (in this case an Ar'%* beam with
10 mA electrical current) of pulse length of 1 ms and a repetition time of 20 ms hits an uncooled foil.

The heat source is the energy loss of the particles, while the heat sink is the radiation power per area P,
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Fig. I1.9.27: Temperature increase for a 1 pm thin tungsten foil (emissivity of e = 0.49) irradiated by a
10 mA Ar'?* beam of length 1 ms and repetition time of 20 ms with 11.4 MeV/u. The beam size is 5
mm FWHM in both directions and the absorbed power is ~ 40 kW/mm?.

as described by the Stefan—Boltzmann law
P, = eoT? (11.9.27)

where T is the temperature and 0 = 5.67 - 10~® W/m2K* the Stefan—Boltzmann constant. ¢ is the
emissivity of the material with typical values 0.1 < € < 0.8. Cooling by the emission of electro-
magnetic radiation is a fast cooling process only for high temperatures due to the 7* dependence. The
heat conductivity is a relatively slow process compared to the heating by a short, intense beam pulse.
The foil is heated close to its melting temperature during the pulse (here about 2000 °C). In the intervals
between the beam pulses, it cools down to 200 °C again, and the average temperature is only ~ 550 °C.
Nevertheless, the material has to survive the high temperature during the beam delivery. The typical
beam current needed for a neutron spallation source could easily be higher. A second cooling process
is related to the emission of thermal electrons from a hot metallic surface where the electrons’ kinetic
energy reduces the thermal energy of the solid material. The basic formula for the current density of

thermal electrons j;, is the Richardson law
jin = AT?e”*/ksT (IL9.28)

where Ap ~ 120 AK2cm™2 is the Richardson constant, kg the Boltzmann constant and ® the material-
dependent work function, which is for typical metals 2 eV < ® < 5 eV. The cooling by thermal emission
contributes significantly if the surface is close to its glowing temperature. Typical cooling properties are
discussed in Ref. [33].

For a quantitative analysis of massive material, the partial differential equation of heat transfer

inside the material has to be calculated numerically

T(Z,t) A 1
D) _ X iy grad T + Sn(z, 1) (I1.9.29)
at pe pe

for the temperature T as a function of time ¢ at each position & inside the material. X is the heat conduc-
tivity, p the density and c the specific heat. The source term 7(Z, ¢) is the volumetric power deposition by

the beam, which depends on position and time. For a more detailed discussion of an optimised material
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Fig. 11.9.28: A 1.4 MeV/u U** beam of 15 mA electrical current and 0.2 ms pulse length hitting a cooled
cylindrical Faraday cup. The distribution of the temperature is calculated by a finite-element method.
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Fig. 11.9.29: Left: Photo of a Faraday cup and beam stopper for high intensity beams as installed at the
high current LINAC at GSI. The pneumatic drive is mounted on a @ 150 mm flange. Right: The technical
drawing of the same Faraday cup and beam stopper of high intensity beams. The opening of the cup is
@ 60 mm.

and geometric arrangement; see, e.g. Ref. [25].

An example of such a calculation is given in Fig. 11.9.28 for a cylindrical cup for a high power
Uranium ion beam at the end of the macro pulse. The value is set to the design power of the high current
in the 1 MW LINAC at GSI. One solution to dissipate this large power is to increase the surface area of the
irradiated material by a cone-like construction, as shown in Fig. I1.9.29. The ions at the GSI LINAC have
ranges below 1 mm. A 1 mm thin layer of tungsten is used to stop the ions as the melting temperature
of tungsten is high as Ty, ~ 3380 °C; while for copper, the melting temperature is significantly lower,
Thert =~ 1080 °C . However, the underlying massive copper block is used for its high heat conductivity.
The water cooling can only dissipate the average power, and an equilibrium temperature is reached. For
pulsed beams, the maximum value at the surface, or more precisely, close to the range of the particles, is
much higher than the equilibrium value. This high temperature is what mainly deteriorates the device. A

careful design has to be done, and the beam parameters have to be controlled to prevent the destruction
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Fig. 11.9.30: Left. A drawing of a cup used for 60 MeV electrons. Right. The installation of a Faraday
cup used as a beam dump at ALBA, Barcelona.

of cups and beam dumps for higher-power LINACs and cyclotrons.

11.9.2.8 Faraday cups for electron beams

Faraday cups designed for capturing electrons need to be constructed larger in size compared to those
intended for ions, as illustrated in Fig. I11.9.30. As explained in Section I1.9.2.5, where the energy loss
of electrons in copper was discussed, a strategic approach is employed to gently decelerate the electrons
within the Faraday cup. This is achieved by using low atomic number material such as aluminium. The
purpose of this is to minimise the generation of highly energetic Bremsstrahlung photons within the cup
which increase roughly with the atomic number Z as oprems X £ 2. Moreover, it is essential to prevent
the escape of charged particles, such as electrons or positrons, which may be produced as a result of
the Bremsstrahlung photons. To address this concern, a lead shield is incorporated into the setup as an
other layer. Because electrons possess a relatively long range within matter, the use of Faraday cups is

typically limited to the initial modules of an electron linear accelerator.

Generally, at electron accelerators, Faraday cups are mainly used behind the electron gun for
electrons with typically 100 keV energy. In this case, the construction is comparable to the Faraday cups
used for proton beams; see Section 11.9.2.6. At higher energies, i.e. behind the first few LINAC-modules,
the required amount of material to stop the electrons and to absorb secondary charged particles (e.g
ete™ pair production from the Bremsstrahlung-photons) increases significantly due to this long range.
An example of a Faraday cup used for high energies up to some GeV, including the design considerations,
can be found in Ref. [26]. In most cases, Faraday cups are used as beam dumps at the end of a transport

line.

11.9.2.9 Low current measurement used for slow extraction

Many experiments in particle, atomic or nuclear physics use protons or ions in the energy range as
reached in synchrotrons, i.e., higher than some 100 MeV/u. A typical beam current during the accel-
eration inside the synchrotron, followed by a slow extraction recorded by a DC-transformer was shown

in Fig. I11.9.16 (right). Typical beam currents, as slowly extracted from a synchrotron, ranges from only
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Fig. I1.9.31: Overview of the different detector systems used for slow extraction at the GSI synchrotron.
The numbers are given for the different ions with a kinetic energy of 1 GeV/u, extracted within 1 s and
a spot size of 1 cm?. With a scintillator up to 10° particles can be counted. The lower limit of the IC
and SEM corresponds to a secondary current of 1 pA; the upper threshold of the IC is 30 Gray/s. In the
figure, SCL refers to the incoherent space-charge limit of the synchrotron at injection energy.

103 up to 10'? particles per second, which corresponds to an electrical current from 10715 to 1076 A.
This is well below the resolution of a DC-transformer. Due to the high energy, the range of the particles
is too large for the use of Faraday cups, as shown in Fig. 11.9.20 for copper. In addition, a lot of sec-
ondary charged particles would be created in the cup material; the techniques of particle detectors are

used instead. An overview of the typical dynamic range of detectors is presented in Fig. 11.9.31:

— For an ion rate below 10° s~1, the individual particles can be counted by scintillators.

— For the medium range from about 10* to 109 s~ the energy loss in gas is measured by an ionisa-
tion chamber (IC).

— For the higher range from about 10® s~1, the emission of secondary electrons from a metal surface

liberated by the primary ion’s energy loss is determined by secondary electron monitors (SEM).

The design of such a system is described in e.g. Refs. [27-29].

11.9.2.9.1 Scintillation counter

When a charged particle penetrates a scintillating material, the electronic energy loss by the collision of
the beam particles with the target electrons creates atomic excitation, which might decay via the emission
of fluorescence photons. These photons can be detected and amplified by a photo-multiplier, converted
to a logical pulse by a discriminator, and finally counted by a scaler. Scintillators should have some
general properties (for more details, see Refs. [16,17]):

— The light output should be linear to the energy loss.
— The fluorescence should decay as fast as possible to get a high count rate.

— The scintillator material should be transparent for the fluorescence light, and the index of refraction

should be around n = 1.5 for light guides.
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Fig. 11.9.32: Left: The scheme of a plastic scintillation counter connected to the photo-multiplier via a
plastic light guide. Right: Photo of scintillator wrapped in black tape. The photomultiplier and its base
is inside of the metal housing.
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Fig. 11.9.33: Left: The hardware of the scintillators (wrapped in black tape) and the IC installed at GSIL.
Right: Analogue pulses from a plastic scintillator recorded with a low current 300 MeV/u Kr beam; the
scaling is 20 ns/div and 100 mV/div. The lower curve is the pulse-height distribution.

— The material should be easy to form and possible to get large sizes, about a factor of two larger
than the maximum beam size.

— The wavelength of the light should be within the spectral range of the photo-cathode of the photo-
multiplier: 350 nm < A < 500 nm is preferred, i.e., near UV to green light. The photo-cathode of
the photo-multiplier converts the light into electrons. These electrons are amplified by ~ 10 stages
of so-called dynodes, where electro-static fields are applied to accelerate secondary electrons to-
wards the next multiplication stage.

— The scintillator material should be radiation hard to prevent destruction by the incident particles.

In most cases, plastic scintillators are used. They are cheap and easy to produce in nearly any
mechanical shape. As an example, the arrangement used at GSI is shown in Fig. 11.9.32 (left) and a
photo together with an ionisation chamber in Fig. I1.9.33. A large size of 75 x 75 mm? has been chosen
with a thickness in beam direction of 1 mm. The plastic scintillator (in this case BC 400) has a short
decay time in the range of some ns; see, e.g. Ref. [17]. Typical pulses are displayed in Fig. 11.9.33
(right), recorded with a medium energy heavy ion beam. The energy resolution is quite good, which is

crucial because it yields good accuracy in this absolute count rate measurement. Due to the several 100
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Fig. I1.9.34: The extracted current measured by an IC (middle, given in nA for the secondary current) and
a scintillator (bottom, given in particles per second) as compared to the current inside the GSI synchrotron
determined by a DC-transformer (top, given in ;zA) for one extraction of a 250 MeV/u 293Pb57"+ beam
with a total amount of 10° particles.

Fig. I1.9.35: The pneumatic drive mounted on a @200 mm flange containing the scintillator and IC inside
the pocket at atmospheric pressure and the SEM in the vacuum.

m long cables between the detector in the beam pipe and the electronic processing, the cable dispersion
broadens the peak. Before pile-ups start to play a role, count rates up to several 107 s~! can be accepted.
A typical measurement of an extracted current is shown in Fig. 11.9.34, the particle rate as determined
by a scintillator and an ionisation chamber are compared. This is corroborated by the signal of the

DC-transformer measuring the stored current in the synchrotron.

The disadvantage of plastic scintillators is the very low radiation hardness due to their complex
organic molecular structure. Inorganic crystals have a much higher radiation hardness. In most cases,
cerium-activated materials are used [17,30]. However, these inorganic single-crystal scintillators are

challenging to produce in larger sizes.

11.9.2.9.2 Ionization chamber

For the medium particle range, the current is determined by the energy loss of charged particles in a gas

inside an Ionization Chamber IC. A general description of ICs can be found in Refs. [17,31]. Due to the
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Fig. 11.9.36: The scheme of an IC (left) and its realisation with a 2 times 3.2 mm active length in beam
direction (right).

Table I1.9.5: Specifications of the IC at GSIL.

Parameter Value

Active surface @55 mm

Active length 2 X 3.2 mm
Electrode material plastic network
Coating 100 pg/cm? silver
Gas (flowing) 80 % Ar + 20 %CO4
Pressure 1 bar

Voltage 500-2000 V

Table I1.9.6: Ionisation potential and W-values od some gases.

Gas H2 He N2 02 Ar CH4 C02
Ionisation potential [eV] 15.6 24.5 155 125 157 145 13.7
W-value [eV] 364 427 364 322 263 29.1 330

large statistics, the average energy for the production of an electron-ion pair is an accurate number, the
so-called W-values are given in Table 11.9.6. The arrangement of an IC is displayed in Fig. 11.9.36, and a
photo is shown in Fig. 11.9.33. For this realisation, the beam passes a 6.4 mm thick active gas volume and
creates electron-ion pairs. In most cases, pure argon is sometimes mixed with about 10 % of molecular
gases, like CHy or CO5. Metallised plastic foils or networks confine the active gas volume. These
metallised electrodes are biased with about 1 kV to separate the charges. The middle electrode measures
the number of secondary charges with a sensitive current amplifier. A secondary current down to the pA
region can be measured precisely; see, e.g. Ref. [32]. The IC, filled with gas at atmospheric pressure,
is separated from the vacuum by a metallic foil of typically 100 pm thickness. The foil thickness must
be low to prevent significant energy loss in this foil. The specification of the IC at GSI is given in
Table I1.9.5.

With the help of the W-values and the calculated energy loss dE/dx within an active length of
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Fig. 11.9.37: The measured calibration factor of an IC and calculated value using energy loss for various
slowly extracted ions from the GSI synchrotron [29].

Az, the number of primary ions Ipe.y is determined from the secondary current /g

Isee = — - — Az - Ipeam - (11.9.30)
T

The precision of such a measurement depends mainly on the accuracy of the energy loss calculation. For
energies above 1 GeV/u, the value of dE/dx is only weakly dependent on energy F; see Fig. 11.9.20.
When the energies of the beam particles are lower, calibrations have to be done to reach an accuracy in the
range of 1 %. The IC can be calibrated with respect to a scintillator, where an absolute measurement is
performed, as shown in Fig. 11.9.34. A calibration factor can be determined from the number of counted
particles and the secondary current of the IC. The result for different ions and energies performed at
GSI [29] is summarised in Fig. 11.9.37. Due to the different ions, three orders of magnitude are covered,
from 1016 C/ion up to 1013 C/ion. The linearity is excellent.

The lower limit of an IC is given by the minimum measurable secondary current, which is about
1 pA. Taking this minimal current, the lower limit line in Fig. I1.9.31 is determined. The upper limit
is based on the recombination of the electrons with the ions from the gas, as in the case of Ar working
gas, the reaction Ar™ + e~ — Ar, which is a sink for the generated charges. This is demonstrated
in Fig. 11.9.38: We first discuss the characteristic line of the IC with a moderate primary current: The
proportional region is reached after applying a moderate voltage of 500 V, corresponding to 1 kV/cm.
The output is then independent of the voltage (or the applied electric field). There is no gas amplification,
which starts only above ~ 10 kV/cm. The characteristic line is determined by comparison to the SEM
(see below) to get the efficiency. For a higher primary current, the plateau is not reached anymore. A
higher voltage cannot be applied without the risk of sparks. This decrease concerning efficiency is due
to the recombination of the liberated electrons with the positive gas ions, like Ar* 4+ e~ — Ar. The drift
time of the ions toward the electrodes depends on the applied electric field, while the drift time for the

electrons is nearly constant for the given parameters [17]. The collision frequency of electrons and ions
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Fig. I1.9.38: Left: The characteristic line for the IC as determined of the 300 MeV/u Ne'* beam. The
efficiency, as measured by the ratio of the secondary current of the IC and the SEM as a function of the
applied electric field [28]. A plateau is reached for a low primary current , while for a high current, the
recombination leads to a decrease of the secondary charges. Right: Comparable data shown as a function
of transmitted ions per second for different applied electric fields.

Table 11.9.7: Properties of the IC close to the saturation point, see text.

Parameter Ions Electrons
drift velocity wd™t 0.1 mm/us 20 mm/pus
drift time ¢drift 50 ps 0.1 us
saturation density n%2*  2-10° I/ecm® 4 -10° 1/cm3
secondary current I1c 1 nA

dose rate D¢ 30 Gy/s

aver. rate coefficient o 1072 cm?/s

is proportional to their concentration ne and n;. The recombination rate is

dne  dn;
dt — dt

= nen; < Igum (11.9.31)

with « the rate coefficient. The loss rate is proportional to the square of the primary beam current.
Table 11.9.7 summarises typical values. One can conclude that the secondary current for the used IC
should be below ~ 1 pA for typical parameters, corresponding to a dose rate of about 30 Gray/s [28].
To get the value of the primary beam current the conversion from the energy loss as given in Eq. 11.9.30
have to be used.

To achieve a sizeable upper threshold, the use of gases with high electron affinity, like O2 and
H»O, has to be avoided [17]. The electron affinity describes the probability of an electron capture like
O2 + e~ — O, . The presence of negative ions enhances the recombination with positive ions, like
O; + O" — Og, resulting in a smaller amount of measured secondary charge. In particular, an IC

should not contain any air in case relatively large ion currents should be measured.

11.9.2.9.3 Secondary electron monitor

To cover a high current range (e.g., slow extraction from a synchrotron), the emission of secondary
electrons from a metallic surface can be used. Figure I11.9.39 depicts a typical setup, where three 100 pm

thick Al-foils are visible, installed on the vacuum side of the feed-through. The outer two foils are biased
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Fig. 11.9.39: Left: Scheme of an SEM made of three metal foils. Right: Photo of the SEM part made of
3 Al foils with a thickness of 100 pm of the pneumatic drive used for slow extraction at GSI.

Table I1.9.8: Specification of the SEM at GSI.

Parameter Value

Material pure Al (~99.5%)
Thickness 100 pm

Number of electrodes 3

Active surface 80 x 80 mm?
Distance between electrode 5 mm

Voltage 100 V

by typically +100 V to sweep out the free electrons. The middle foil is connected to a sensitive trans-
impedance amplifier (also referred to as current-to-voltage converter). The secondary emission current

depends on the energy loss at the surface ;% and is given by the Sternglass formula [23]

Isec =Y - & Theam (11.9.32)
pdx

with Y being the yield factor describing the amount of secondary emission per unit of energy loss at the
surface of the Al foil. A calibration has to be done experimentally to determine the value of Y, yielding
a precision of 5%, see Fig. 11.9.40. The accuracy is lower than for an IC, because the surface structure
determines the actual value of the yield of the material, which might vary depending on the production
and cleaning method. Eq. I1.9.32 reflects the fact that only electrons are knocked out, which are excited
to the conducting band close to the surface of roughly ~ 10 nm, see Section I1.9.2.5 for the discussion
of secondary electron emission. The physics of the secondary electron emission is also used for profile

measurements; see Section 11.9.3.3.

Aluminum, a widely favoured material, is frequently employed in scientific applications due to its
exceptional mechanical properties. Its stiffness effectively mitigates susceptibility to external vibrations,
such as those originating from turbo vacuum pumps, preventing unwanted micro-phonic interference.
However, it is essential to note that the emission yield, denoted as Y can be influenced by irradiation.
This phenomenon arises from surface modifications, which, in turn, alter the material’s work function,

consequently impacting the average yield Y. Experimental data have revealed a significant degradation,
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Fig. 11.9.40: Measured calibration factor of a SEM and calculated value using energy loss and a fitted
value of Y = 27.4 e~ /(MeV/mg/cm?) for various slowly extracted ions from the GSI synchrotron [29].

amounting to a two-fold reduction in emission yield after exposure to 10'® proton/cm? at 450 GeV
proton energies, as conducted at CERN SPS [34]. Remarkably, titanium foils exhibit considerably lower
sensitivity to radiation, rendering them a superior choice for such applications. This enhanced radiation
hardness is of paramount importance, given that these devices are often situated at the front of the target,

serving as permanent current monitors.

I1.9.3 Measurement of beam profile

The transverse beam profile is usually controlled by quadrupole magnets installed in all accelerating
sections and transfer lines. Measurements are essential to control the beam width and the transverse
matching between different parts of an accelerating facility. The large number of bending, focusing, and
correction magnets demand many profile measurement stations. Various instrumentation exists depend-

ing on the beam particles, current, and energy. We can only briefly discuss the most popular ones.

The beam spot can be directly observed by intersecting the beam with scintillator screens and
viewing the emitted fluorescence with a regular camera. When charged particles with relativistic ve-
locities pass through a metallic foil, radiation is emitted as described by classical electrodynamics; the
process is called optical transition radiation OTR. A camera records this light to receive the beam profile

comparably to scintillation screens.

Secondary electron emission grids SEM-grids are widely used as an electronic alternative to
achieve an extensive dynamic range; a grid of wires with typically 1 mm spacing is inserted into the
beam path. Instead of a fixed grid, one single wire can be scanned through the beam which provides a
high spatial resolution, called Wire Scanner. Contrary to the previously mentioned invasive methods, a
non-invasive approach is frequently installed at high current hadron LINACs and synchrotrons, where
the ionization products of the interaction of the beam with residual gas atoms or molecules inside the
(non-perfect) vacuum of the tube are detected; this is referred to as ionization profile monitor IPM. In
these devices, the resulting electrons or ions are accelerated by an external electrical field to a detector

providing a spatial resolution. A profile can also be obtained by observing fluorescence light emitted
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by the residual gas molecules excited by the beam interaction, referring to beam induced fluorescence
BIF monitor. A sensitive camera is required for single photon detection. IPM and BIF monitors are well

suited as non-invasive methods for a synchrotron.

High energy electrons emit synchrotron radiation if their trajectories are curved. Monitoring this

light by synchrotron radiation monitors SRM yields direct information about the beam spot.

Normally, the size of an electron beam is less than 1 mm, while proton or heavy ion beams have
large diameters, up to some cm. In particular, a beam width several cm can be reached in a synchrotron
with multi-turn injection. The beam width is mainly given by the settings of the focusing magnets and the
beam emittance e. Knowing the lattice, i.e., the S-function 3(s) and the dispersion D(s) at the monitor

location s, the measured beam width o (s) is given by

2(s) = ap 2 an 02(s) = €,8,(s
02(8) = €xB:(s) + (D(s) ) ) d 2 (8) = €yBy(s) . (I1.9.33)

In a synchrotron, the lattice functions are known from beam optics calculations or can be measured
independently. The emittance can be calculated if the momentum spread Ap/p is known in addition.
(In the vertical direction, the dispersion is zero in most cases, as only horizontal bending magnets are
used.) Nevertheless, the contribution due to the dispersion has to be considered to interpret a profile
measurement correctly. In a LINAC, the lattice functions are not precisely fixed due to the variable input

emittance orientation, leading to a less stringent relation between profile width and emittance.

11.9.3.1 Scintillation screen

The most direct way of beam observation is the recording the light emitted by a scintillation screen
intersecting the beam, monitored by a commercial video, CMOS or CCD camera, see e.g. Refs. [35,36]
for an overview. These devices are installed in almost all accelerators from the source up to the target
and one example is schematically shown in Fig. [1.9.41 together with a realization where the pneumatic

drive is mounted on a @200 mm flange.

When a charged particle penetrates a material, the energy loss can be transformed to fluorescence

light, as discussed in the previous Section 11.9.2.9.1. The important properties of such a scintillator are:

— High light output matched to thee camera in the optical wavelength range between 400 nm < A <

700 nm is desired.

— High dynamic range, i.e., good linearity between the incident particle flux and the light output,
is desired. In particular, a possible saturation of the light from the beam centre gives rise to a

deformation of the recorded profile.

— Absorption of the emitted light should be avoided to prevent artificial broadening by the stray light

inside the material should be present.
— A fast decay time is required to enable the observation of possible beam size variations.

— Good mechanical properties for producing large screens up to @100 mm lis an important design

criterion.

— Radiation hardness is important to prevent permanent damage must be ensured for high intensity
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Fig. I1.9.41: Left: Schematic drawing of an invasive scintillation screen monitor scheme is shown. Right:
A photo of a P43 phosphor scintillation screen of @70 mm and the CCD camera mounted on a $200 mm
flange with a pneumatic drive is depicted.

Table I1.9.9: Chemical composition and basic optical properties of inorganic scintillation screens. The
matrix AloOj3 is used as a ceramic; the last four materials are phosphor screens, where powder is de-
posited on glass or metal plates.

Abbreviation Type Material Activator  Max. emission Decay time
Quartz glass Si0q non 470 nm < 10 ns
Alumina ceramics Al»Og non 380 nm ~ 10 ns
Chromox ceramics AlyO3 Cr 700 nm ~ 10 ms
YAG crystal Y3Al5012 Ce 550 nm 200 ns
LuAG crystal LugAl;015 Ce 535 nm 70 ns
Cesium-lodide crystal Csl Tl 550 nm 1 ps
P11 powder  ZnS Ag 450 nm 3 ms
P43 powder Gdy05S Tb 545 nm 1 ms
P46 powder Y3Al5010  Ce 530 nm 300 ns
P47 powder  Y2SiOs Ce and Tb 400 nm 100 ns
applications.

As stated, plastic scintillators have only a low radiation hardness and various kinds of inorganic materials

are used instead. In Table 11.9.9 some properties are given in Ref. [35]; for more details see Refs. [17,30].

The material Chromox is a ceramic, which can be fabricated like pure Al,O3, used widely as
an insulating material. The scintillation is due to the Cr activators; chemically, it is comparable to
ruby. The disadvantages are its long decay time of ~10 ms and the significant absorption inside the
material. Nevertheless, due to its robustness, it is quite often used. The well-known Cerium activated
crystal materials like YAG:Ce (Y3Al5012:Ce) have better optical properties and are widely used for
particle counting applications [17]. However, producing thin crystalline disks of about 10 cm diameter
out of this material is cumbersome. In particular, thin disks below a thickness of 100 ym are required

for applications at electron LINAC-based FELs due to a typical beam size below 100 pum; see, e.g.
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Fig. 11.9.42: Beam spot of a low current 4 MeV/u beam at GSI on a YAG:Ce screen recorded with a
digital camera. The original black-white image is converted to false-colour for better visibility. The
projection on the horizontal and vertical axes are shown in the upper part, from Ref. [43].

Ref. [41]. Instead of the expensive single crystal disk, one can use small grains of ~ 10 pm size,
deposited on several mm thick glass or metal disks. These phosphor screens are also frequently used in
analogue oscilloscopes, electron microscopes and image intensifiers. P46 is an example of a phosphor
screen powder offering lower production costs than the chemically equivalent single-crystal YAG:Ce.
The properties of doped materials strongly depend on the activator concentration; Table I11.9.9 gives only

approximated values.

The beam image from a YAG:Ce screen is shown in Fig. 11.9.42 for a low current beam of only
~ 106 ions at 4 MeV/u, demonstrating the high sensitivity of that material and the good applicability.
The sensitivities of the different materials span several orders of magnitude and depend on the particle
species, see, e.g. Refs. [36,37]. Figure 11.9.43 shows an example of the light output varying over two
orders of magnitude from various scintillating materials [38]. The screens are irradiated with uranium
ions leading to a high energy loss and a beam current span of almost two orders of magnitude; however,
no signature of saturation was found in any of the materials. Scintillation screens are used in all types of
accelerators [36], some examples of investigations are discussed for electron beams [39—41] and proton

or ion beams [37,38,42] with quite different applications.

For high intensity beams, one has to ensure that the absorbed beam power does not destroy the
material. In particular, for slow heavy ions with a range comparable to the screen thickness, this restricts
the use, see also the discussion in Section 11.9.2.5. A disadvantage of the screen is related to the inter-
ception: The used material is so thick (several mm) that it causes a significant energy loss, so it cannot

be used to diagnose a circulating beam inside a synchrotron.

The screen is observed with a CCD or CMOS camera with a digital link (such as Camera-link,
Gigabit-ethernet etc.). A problem related to digital cameras is the radiation sensitivity of the CCD or
CMOS sensor and the related digital electronics. At high levels of radiation, the old-fashioned analogue

VIDICON cameras are used; a frame grabber digitizes the analogue video output.
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Fig. 11.9.43: Example for the relative light output from various scintillation screens (see Table 11.9.9)

as a function of uranium ion current with Fy;, = 300 MeV/u as extracted within 1 ps from the GSI
synchrotron [38].
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Fig. 11.9.44: Left: Schematic drawing of an OTR screen measurement. Right: OTR installation for
highly relativistic protons at Fermilab, from Ref. [47].

I1.9.3.2 Optical transition radiation screens

At electron accelerators with relativistic particles, the profile is often determined from the electro-
magnetic radiation emitted when the beam pass through an intersecting thin metallic foil referred to
as Optical Transition Radiation OTR. The OTR is a pure classical electro-magnetic process, including
special relativity, produced when a charged particle passes from one dielectric medium into another.
While passing in vacuum in front of the foil, as characterized by the permittivity €, = 1, the particle
has a certain electro-magnetic field configuration. The field distribution differs from the field inside
the medium because the foil has a permittivity €, # 1 (a complex number in a mathematical sense),
hence different from vacuum field configuration. By approaching the foil, the particle’s electro-magnetic
field leads to a time-dependent polarization at the foil boundary. When the charged particle transverses
the foil, the field configuration is changed suddenly. The change of this polarization at the foil surface

generates the radiation with a characteristic intensity and angular distribution.

A typical setup of an OTR measurement is shown in Fig. 11.9.44. In most cases, the foil is inserted
under 45° with respect to the beam path. The foil is made of Aluminum or Aluminum coated on Mylar

with a thickness of 1 pm or less. The light is emitted in the forward direction as well as centred at 90°
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Fig. 11.9.45: Schematic electric field distribution for a charge approaching a metal foil with velocity 5
from left and the resulting dipole radiation after the boundary transfer.
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Fig. 11.9.46: Intensity distribution of OTR as a function of the emission angle for three different values
of the Lorentz-factor ; the corresponding electron beam energies for electrons are noted. The photon
intensity is enhanced by a factor of 1000 for v = 50 and 100 for v = 200.

because the metallic surface acts as a mirror. Depending on the particle energy, the angular distribution
peaks at the angle # = 1/~ where ~ is the relativistic Lorentz factor; see below. For typical values, 100
to 1000 beam particles yield 1 photon in the optical wavelength range. With appropriate optics, an image
of the foil is recorded by a regular camera. In some cases, an image-amplified camera is used due to the

relatively low number of photons.

The generation of OTR radiation is based on the electro-magnetic field distribution of a charge
approaching n ideal metallic surface with velocity 3; Fig. 11.9.45 depicts the process schematically.
Compared to the field distribution of a charge in free space, the field is modified by the specular effect of
the metallic surface, as can be described by an image charge. At one instance of time, the moving charge
transverses the metallic surface and enters the foil; this leads to a distortion of the electro-magnetic field
and the emission of dipolar radiation. The general process is treated in e.g. Refs. [18, 44, 45], leading
to a full, closed but extensive mathematical expression. For relativistic beam particles and under some
further valid assumptions, the radiated energy dW into a solid angle df) per frequency interval dw can
be approximated by

92
(72 + 62)

where ¢, e, and ~y are the velocity of light, the elementary charge and the relativistic Lorentz-factor,

d2W B 2e2 32
dQdw

) (I1.9.34)

e

respectively. The observation is oriented at an angle 6 perpendicular to the beam path, the so-called
specular angle, see Fig. 11.9.44. There is no difference between the radiation for electrons or protons

moving with the same Lorentz-factor, reflecting that only the electro-magnetic fields of the beam particles
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contributes to the emission process. The radiated energy does not depend on the frequency w, i.e., the
whole spectrum is covered. This is valid up to the plasma frequency of the metal, which is for most
metals in the deep UV at about 10 eV. The radiated energy of Eq. 11.9.34 is converted to the number of
photons by W' = Nphoton - lw observed within a wavelength interval from Apegin 10 Aeng in the optical
region by the camera and integration over the interval Apegin t0 Aeng. This yields the number of photons

per solid angle

dNphoton 252 | <Abegin> & (I1.9.35)

a0 Vbeam —— o (2 + 02)2
where Npeam is the number of beam particles. This function is plotted in Fig. 11.9.46 for three different
values of the Lorentz factor . It is clearly seen that the radiation is more tightly focused for higher
energies (more precisely, a high value of the Lorentz-factor ), having the advantage that a larger fraction
of the photon reaches the camera’s lens system. At electron accelerators, OTR is used even at moderate
energies above ~ 100 MeV (corresponding to a Lorentz-factor v ~ 200). For proton acceleration, a
Lorentz-factor v ~ 200 corresponding to a beam energy above 200 GeV, and is only reached at some
high energy proton facilities such as CERN’s SPS and LHC where OTR screens are installed [46].

The angular distribution in Eq. 11.9.35 is given for a single particle incidence. A real beam has
an angular distribution of the beam particles, which must be convoluted to yield a realistic photon dis-
tribution. Assuming a Gaussian beam angular distribution with a standard deviation opeam, the photon

angular distribution is modified by the convolution as

dNPhoton — N . 262ﬁ2 . log <)\begin> . /OO 1 exp ( —0' )2 . (9 — 0/)2 d&’
a0 beam * T Aend oo 2T Oheam 20heam (7,2 F (- 9,)2)2 .

(IL.9.36)

This integral has to be evaluated numerically and can contribute significantly to the resolution for small

beam sizes. In addition, the diffraction by the finite aperture of the optics can limit the resolution, as
discussed, e.g. in Refs. [48,49].

Generally, the technical setup for OTR is comparable to the setup for scintillation screens. For
the profile observation, the focus of the camera optics coincides with the OTR screen. In contrast, the
focus is set to infinity for the measurement of the photon angular distribution. Using the latter setting,
the angular distribution of the beam can be evaluated. Doing both measurements (focus on foils yield
the profile, focus on infinity yield the beam angular distribution), a transverse emittance measurement
can be performed, see, e.g. Ref. [48]. Note that Fraunhofer diffraction must be considered, limiting the

resolution of the emittance measurement.

At modern LINAC-based free electron laser facilities with high energetic beams, the usage of OTR
is hindered by the occurrence of so-called coherent OTR emission [50]. For intense, very short bunches
(below typically 100 fs duration) with a longitudinal substructure (typically on the fs-scale), photons are
emitted during a short time and from a small area. As these are electro-magnetic waves emitted with a
phase and angular correlation, interference might occur, leading to an interference pattern at the camera
location. The detectable emission characteristic in terms of spatial distribution and wavelength spectrum
depends significantly on the longitudinal substructure of the bunch. For those beam parameters, the

OTR-foil image does no longer represent the transverse beam distribution and excludes the usage of
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OTR for profile measurement. As an alternative, scintillation screens were reverted at those facilities.

The OTR profile determination for non-coherent emission has some advantages and disadvantages

compared to a scintillating screen measurement [35,40]:

— OTR is mainly used for electron beams at energies above 100 MeV. The required Lorentz-factor ~y
for proton beams is only reached at the very high energy accelerators. Scintillation screens can be

used for any beam and energy.

— The usable light emitted from an OTR screen depends significantly on the Lorentz-factor y; for
lower beam energies, several orders of magnitude less light is emitted as compared to scintillation

screens. Hence, more sensitive and expensive cameras must be used for an OTR monitor.

— OTR is based on a classical electro-magnetic process leading to linearity between the number of
photons and the beam intensity (disregarding the aforementioned coherent photon emission for
very short bunches). Scintillation is a more complex process and depends significantly on the

material; saturation and radiation damage might occur, falsifying the profile reading.

— For the OTR process, the number of photons and their distribution is independent of the thickness
of the foil. Hence, very thin foils of pure Al or Al-coated Mylar foils down to 0.25 pm are used.
Scintillation screens are generally thicker to guarantee their mechanical stability. For scintillation
screens, the amount of emitted photons scales with the thickness of the material. Hence, they are

better suited for low intensity beams.

— OTR and scintillation screens are invasive monitors. However, for OTR, the thin foil minimizes
the impact on the beam due to the low scattering probability. It can also be applied at higher beam
power because the energy loss is less in the thin, low-Z material leading to a lower influence on the
beam. Scintillation screens are thicker, and the heating by the beam might modify the scintillation

process. Moreover, most materials contain high-Z material, leading to a larger energy loss.

— Due to the characteristic emission cone of the OTR light, the beam angular distribution can be
reconstructed, and, together with the profile reading, the beam emittance can be deduced. Scin-
tillation light is emitted isotropically without any correlation to the particle angle, and, hence, no

information about the emittance can be obtained.

11.9.3.3 Secondary electron emission grid

When particles hit a surface, secondary electrons are knocked-out from the surface, as described in sec-
tion 11.9.2.9.3. For profile determinations, individual wires or ribbons interact with the beam; this is
called a Secondary Electron EMission grid or a harp, as reviewed in Ref. [51]. This is an electronic
alternative to a scintillation screen with a much higher dynamic range, i.e., the ratio between minimal
to maximum detectable current is orders of magnitude larger. W-Re alloys are often used for their ex-
cellent refractory properties for metallic wires or flat ribbons. In particular, at low energy LINACsS, this
is important because no cooling can be applied due to the geometry. For the analogue electronics pro-
cessing, each wire has an individual current-to-voltage amplifier (an equivalent name is trans-impedance
amplifier). A photo of such a device is shown in Fig. I1.9.47, and the specifications are given in Table
11.9.10.
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15 wire spaced by 1.5 mm

Fig. 11.9.47: Left: SEM-grid for both planes with 15 tungsten wires spaced by 1.5 mm as typically used
at a proton LINAC. The individual wires are insulated with ceramics. Middle: The same SEM-grid with
removed tin cover. Right: SEM-grid based on ribbon made from 25 pm thick aluminium foil by laser
cutting; the spacing is 0.5 mm. This type is used for high energetic protons above typically 1 GeV.

Table I1.9.10: Typical specification for an SEM-grid used at proton and heavy ion LINACs.

Parameter Value

Diameter of the wires 0.05 to 0.5 mm
Spacing 0.5 to 2 mm
Length 50 to 100 mm
Material W or W-Re alloy
Insulation of the frame Glass or Al,Og3
number of wires 10 to 100

Max. power rating in vacuum 1 W/mm
Min. sensitivity of I/U-conv. 1 nA/V
Dynamic range of electronics  1:10°
Integration time lpustols

Generally, SEM-grids are invasive diagnostics; Fig. 11.9.49 shows the assembly including the
pneumatic drive. For low energies at proton or heavy ion LINACs, the particles are stopped in the
material or undergo a significant energy loss. The wires’ diameter-to-spacing ratio determines the beam
current’s attenuation (hence, the signal strength on the individual wires). Typically only 10 % of the
beam area is covered by the wires; in this sense, the profile measurement is nearly non-destructive for
the beam. For energies above 1 GeV/u, the relative energy loss is negligible, and large size ribbons are
used. Figure 11.9.48 shows a typical example of profile measurements within a transfer line with several

dipoles and quadrupoles between the SEM-grid location used for beam optimization for a transfer line.

Each wire has an individual pre-amplifier; in most cases, it is a trans-impedance amplifier to
convert the secondary electron current to a voltage, see Fig. 11.9.49. These electronics have to be installed
close to the accelerator hardware. A multi-wire cable connects the analogue electronics in the tunnel to
a multi-channel ADC outside of the accelerator tunnel. Readout of a full SEM-grid in less than a 1 ms is
typical for the use of pulsed or dc beams.
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Fig. 11.9.49: Left: A SEM-grid mounted on a pneumatic drive for movement in the beam path mounted
on a ©200 mm flange. Right: Typical analogue signal processing for SEM-grids.
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Fig. 11.9.50: Illustration for the betatron mismatched injection into a synchrotron. If the orientation of
the injected beam emittance does not match the acceptance, variations of the beam profile occur.
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Fig. I1.9.51: Left: Profile measurement for a mismatched injection into the CERN PS synchrotron for
the first n = 1...6 turns. Right: Fitted square of the beam width and centre as a function of time, from
Ref. [52].

Application: Betatron mismatch for synchrotron injection

An interesting application for profile measurement is the control of the injection into a synchrotron. If
the orientation of the injected beam emittance is wrong due to a misaligned focusing, beam storage is
still possible. However, the emittance ellipse starts to rotate with an angle per revolution as given by the
fractional part ¢ of the tune () of the synchrotron as shown in Fig. I1.9.50. A rotating ellipse is equivalent
to a variation in the beam profile from turn to turn. After several hundred turns, the full synchrotron
acceptance is filled due to the de-coherence of the single particle phases, leading to a larger circulating
beam and an emittance increase. The mismatch can be determined by recording the profile width turn-
by-turn. An example is shown in Fig. I1.9.51 for a proton injection into the CERN PS synchrotron at an
1.4 GeV energy and a bunch length of 80 ns [52,53]. The revolution period is 2.2 ps. Thin SEM grids
are used, and the data are digitized each revolution of the short bunch. The energy loss of the protons
in the wires is too low to influence this measurement during only a few turns. The oscillation of the
profile width is seen, and the fitted Gaussian width is plotted as a function of the turn number. By this
avoidable process, the emittance of the stored beam grows by about ~ 10 %. A better injection is created

by changing the setting of the quadrupole magnets in the transfer line.

11.9.3.4 Wire scanner

Instead of using several wires with individual, expensive electronics, a single wire can be swept through
the beam [51]. The advantage is that the wire spacing does not limit the resolution, and, hence, this
technique is often used at electron accelerators with beam sizes in the sub-mm range. Generally, two

types of wire scanner are realized, namely the fast and slow type as described below.
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Fig. 11.9.52: Left: Fast pendulum scanner or “flying wire” used at CERN synchrotron [54]. Right: The
new design used at the CERN synchrotrons relaying on a fast motor inside the vacuum [55].
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Fig. I1.9.53: Left: Scheme of a fast “flying” wire scanner using the production of secondary particles as
the signal source. Right: A design drawing for the flying wire and the detector for the shower particle
registration, from Ref. [55].

11.9.3.4.1 Fast, ‘“flying” wire scanner

An arrangement with a straight wire on a fast pendulum mechanics is shown in Fig. 11.9.52, from
Ref. [54]. A purpose build mechanical mechanism can achieve scanning velocities of up to 20 m/s.
Sometimes this setup is also called flying wire. As the wire material, carbon or SiC is used due to its low
weight and low nuclear charge Z, resulting in a low energy deposition in the wire (Bethe Eq. I1.9.21 gives
for the stopping power dE/dx  p - Z/A for a material of density p with nuclear charge Z and mass
numberA). Besides, these materials can withstand high temperatures without melting. The thickness
can be down to 10 um. The choice of the wire material is an issue to resist the heating transfer by the
intersecting beam and the significant acceleration at begin and end of the scan. The maximum velocity
of 20 m/s corresponds to 72 km/h and is reached within ~ 1 cm. For a typical beam size of 1 mm, the
beam is crossed within 1 ms, which should be minimized to enable only a few beam particle passages
through the wire to restrict the total energy loss and enable further beam acceleration. On the other hand,
the fork and wire material must be stiff enough to prevent significant wire deformation. Choosing novel
materials such as nano-wires is an actual research activity; see, e.g. Ref. [55]. Due to the single scanned
wire, the profile is not taken in a single instant, even with high scanning velocity. Therefore, only the

steady-state distribution can be probed.
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Fig. 11.9.54: Left: The total rate from a wire scanner under proton impact at CERN PS-Booster, showing
the rate increase above the m-threshold at ~ 150 MeV, from Ref. [56]. Right: Photo of the scintillator
used as the detector for the fast wire scanner at LHC; the distance between detector and scanner fork (not
depicted) is several meters.

For the profile display, the position of the wire, determined by the position encoder is plotted
on the horizontal axis. The beam signal for the vertical axis can be deduced from the current given
by the emitted secondary electrons, like for an SEM-grid. In particular, this detection method is used
for low energy protons and heavy ions. For beam energies larger than 150 MeV/u for ions or 10 MeV
for electrons, the signal is deduced by monitoring the secondary particles outside the vacuum pipe, see
Fig. 11.9.53. These secondaries might be hadrons created by the nuclear interaction of the proton or ion
projectiles and the wire, having enough kinetic energy to leave the vacuum chamber. Figure 11.9.54 (left)
shows the large signal increase for proton energies above ~ 150 MeV related to the threshold of m-meson
production (the rest masses of m-mesons are m._o = 135 MeV/c? and m,+ = 140 MeV/c?). For the case
of electron beams, the secondaries are mainly Bremsstrahlung-photons triggering an electro-magnetic
shower in the wire and the scintillation detector. The detector is a well-suited beam loss monitor, e.g. a
scintillator installed several meters away as shown in Fig. 11.9.54 (right) (for the discussion on beam loss
monitors see Section 11.9.7). The count-rate is plotted as a function of the wire position to represent the

beam profile precisely.

11.9.3.4.2 Slow, linear wire scanner

For fast movement, the vibration of the wire restricts the spatial resolution. Much higher precision
can be achieved with a much slower movement of typically 0.1 m/s with a linear drive, as shown in
Fig. I1.9.55 [57]. With these types, a 1 um resolution is reached in electron accelerators [58]. To get this
low beam width e, assuming a Gaussian beam, a deconvolution of the contribution of the wire (4um
thick carbon wire in this case) from the measured width o5 has to be done according to

2 —g2 4.2 (11.9.37)

Obeam — Tmeas wire

In most cases, the wire is mounted on a fork, which is inserted into the beam pass by a mechanical drive
mounted on 45°. Then only one drive is sufficient for measuring both transverse planes by mounting
the wires in a crossed orientation, as shown in Fig. I11.9.55 (right). Due to a beam size < 100 pym at
LINAC-based FELs the spatial resolution is a concern and requires a mechanically stable installation; a

modern realization is discussed in Refs. [59, 60]. Novel production methods for thin wires are a cutting
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wire for horizontal profile
wire for vertical profile

Fig. I1.9.55: Left: Linear scanner used at CERN [57]. Right: Typical geometrical installation for a fork
with two insulated wires.

edge topic reaching wire diameters below 1 ym [61] with relatively fast scan velocities of up to 1 m/s.
If the signal generation is performed by reading the secondary emission current, then two isolated wires
can be mounted as a compact arrangement. If the signal is generated by beam loss monitors outside the
beam pipe, the two wires are separated (as shown in the Fig. I11.9.55 left), so the wires cross the beam

one successively.

A comparison of the slow wire scanner and the SEM-grid shows the advantages and disadvantages
of both types [51]:

— With a SEM-grid the beam intensity is sampled concurrently, whereas a moving wire samples
the parts of the profile at different locations at different times. Therefore, variations of the beam
intensity over time will be mixed with transverse intensity variations using a scanning device.

— In the case of pulsed beams, a synchronization between the readout of the electronics and the beam
pulse, as well as a movement within the beam pause, is required. The synchronization between
readout and beam pulse is easier for an SEM-grid.

— The resolution of a SEM-grid is fixed by the wire spacing (typically 1 mm), while a wire scanner
can have higher resolution, down to 10 pum, due to its constant movement. (For high resolution,
mechanical vibration must be avoided.)

— The electronics for data acquisition are cheaper for a scanning system. A SEM-grid requires one
channel per wire.

— For the cost of the mechanics, it is vice versa: The precise vacuum actuator for the scanner is more

expensive than the pneumatic drive needed for a SEM-grid.
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Fig. 11.9.56: Left: Scheme of an ionization profile monitor for the horizontal profile determination.
Right: The large aperture ionization profile monitor installed at the GSI synchrotron for the horizontal
direction, the clearance is 175 x 175 mm?. The monitor is mounted on a @ 300 mm flange. The readout
behind the MCP (bottom) is done with an array of 63 wires with 2 mm spacing.

11.9.3.5 Ionization profile monitor IPM
11.9.3.5.1 General method and detection

A frequently used non-destructive method for profile determination is the Ionization Profile Monitor
IPM sometimes also called Residual Gas Monitor RGM. These monitors are installed at most proton
synchrotrons to detect beam sizes between some mm and several cm; a review is given in Ref. [62]. They
are rarely used for electron synchrotrons due to the smaller electron beam dimensions. The principle is
based on the detection of ionized products from a collision between the beam particles and the residual
gas atoms or molecules present in the vacuum pipe. A schematic drawing of such a monitor is shown
in Fig. 11.9.56. Typical pressures for LINACs and transfer lines are in the range 10~% — 10~® mbar
containing mainly N, as well as for synchrotrons 10~!! — 10~ mbar containing mainly Hz, H2O and
CHy4. The different residual gas composition is related to the different vacuum pumps used to achieve
the cited vacuum pressure (such as turbo molecular pumps, ion getter pumps or non-evaporating getter
NEG pumps). Due to the electronic stopping process, electrons are liberated, and electron-ion pairs
are generated. An estimation of the signal strength can be obtained from the Bethe-formula. However,
due to the single collision, W-values (see Section 11.9.2.9.2) are only a first-order approximation for the
conversion of the energy loss to the number of secondary electron-ion pairs; the ionisation process is
better approximated by considering some 100 eV for the creation of one electron-ion pair. To separate
the electron-ion pairs, an external electric field is applied in the order of 1 kV/cm by metallic plates
installed in the vacuum pipe, but outside the beam path. To get an electric field of high homogeneity,
guiding strips are installed at the side to achieve a smooth transition from the HV side to the ground
plane. For most applications, the residual gas ions are detected in this setup. A realization from the GSI

synchrotron is shown in Fig. I11.9.56, providing a large opening of 17 cm [63].
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Fig. I1.9.57: Illustration of a single MCP made of a glass plate with small channels of typical @ 10 pm
with the applied voltage for the amplification of secondary electrons; a photo of an MCP and a micro-
scopic image is depicted.

The vacuum pressure is higher at transfer lines at proton LINAC facilities, and, additionally, the
energy loss is larger due to the lower beam energy. Enough electron-ion pairs are generated to give
a measurable current (down to 0.1 nA per strip) of secondary ions for direct detection by a sensitive
SEM-grid like wire array [64].

In a synchrotron, the vacuum pressure and the stopping power are lower. A Multi-Channel Plate
MCP single particle detector is used as a “pre-amplifier”. An MCP is made of a 1 mm thick glass
plate with round channels of ~ 10 pm, see Fig. I1.9.57. These channels are coated with high-resistivity
materials, and a ~ 1 kV voltage is applied across them. When a residual gas ion (or electron) hits the
surface, secondary electrons are liberated, i.e., the ions are converted to electrons. These electrons are
multiplied in a similar manner as in a photomultiplier by a factor of typically 103 per MCP. Due to
the channel diameter, the spatial resolution of a single-step MCP is in the order of 0.03 mm. For higher
amplification, a two-step device (referred to as Chevron geometry) with a gain of ~ 10° is used, resulting

in a resolution of about 0.1 mm.

For the detection of the secondary electrons at the MCP output, three types of anodes can be used:

— A SEM-grid made of wires with ~ 0.5 mm diameter and ~ 1 mm spacing. The advantage is the

fast readout by appropriate electronics [65]. The disadvantage is the limited spatial resolution.

— An anode type using a particle detection scheme, such as wedge and strip anodes or resistive
anodes, see e.g. Ref. [66]. It is based on the detection of single particles, having the advantage that
the resolution can be improved by collecting data with high statistics up to the spatial resolution
limit of the MCP.

— A scintillation screen (see Section 11.9.3.1) is installed close to the MCP backside made of phos-
phor powder on a glass substrate. The secondary electrons create a light pulse imaged by a CCD
or CMOS camera. The advantage is the high resolution due to several hundreds of pixels for one
plane and the cheap and direct data acquisition system supplied by the commercial digital cam-
era. However, this technique limits the time resolution and image repetition rate by the camera

frame-rate of typically 100 frames per second. For faster readout, the camera is replaced by a
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Fig. 11.9.58: Left: The evolution of the horizontal beam profile is shown during the acceleration of C6*
from 6.7 MeV/u to 600 MeV/u within 0.4 s at the GSI synchrotron. The insert depicts the evolution of
the beam width of one standard deviation during the acceleration starting at 0.15 s; the coloured circles
indicate beam profiles. Right: Schematic visualization of the transverse v and longitudinal v velocity
evolution during acceleration leading to a decrease of the angle z’.

photomultiplier or avalanche diode, see e.g. Ref. [67].

Application: “Adiabatic damping” during acceleration

During the acceleration of a beam inside a synchrotron, the beam width should shrink. This is related
to the fact that the emittance is defined in the laboratory frame by the angle between the transverse- and
longitudinal velocities. During acceleration, the longitudinal velocity increases (for the non-relativistic
beams), while the transverse component remains constant, leading to a decrease in the angle between
both vectors as schematically shown in Fig. I11.9.58. The process is called transverse adiabatic damping
by the conservation of the normalized emittance, see also the discussion in Section I1.9.4 and Eq. 11.9.60.
The normalized emittance is defined as €y, = [7ve for a beam of velocity 3, Lorentz factor ~ and

actual emittance e. The beam width z,, scales concerning the emittance as z, x /€.

In Fig. 11.9.58, the decrease in the beam width is demonstrated for the acceleration of a C%
ion beam from an Kinetic energy of Ej,; = 6.7 MeV/u, corresponding to a velocity of Sy = 12 %
and a Lorentz factor of vi,; = 1.007, to Egpa = 600 MeV/u, corresponding to Bana = 79 % and
Yeanal = 1.64. The assumption of normalized emittance preservation would lead to the scaling of the
expected beam width as 24 final = 1/ % T ini = 0.33 - 24 in; for the depicted case of Fig. I1.9.58.
The experimental value x, na1 = 0.37 - To ini 18 close to that theoretical value; the larger value for the
experimental case is related to a change in the focusing and further imperfections during the accelera-
tion. An ionization profile monitor as a non-invasive instrument is well suited for long-time observation

without any influence on the beam.

Application: Transverse cooling

An example of the importance of a profile measurement is shown in Fig. 11.9.59 at the GSI synchrotron
with electron cooling is applied. Cooling is often performed to get a high brilliance beam by reducing of
the transverse emittance and momentum distribution for high-resolution experiments or to increase the
number of stored particles using so-called stacking methods. The reduction of the beam’s phase-space

volume is achieved by electron cooling (see e.g. Ref. [68]) or stochastic cooling (see e.g. Ref. [69]). In
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Fig. I1.9.59: The profile during an electron cooling process for an 11 MeV/u Ar'®* beam stored at the
GSI synchrotron. Five profiles from the injection (broad peak) to the coldest profile were recorded at

different times during the cycle. The insert shows the standard deviation of the profile as a function of
time.
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Fig. 11.9.60: Left: The space charge field of 7 - 10'° charges per 3 m bunch length. Right: The resulting
broadening using an ionization profile monitor with ion detection is plotted using Eq. 11.9.40.

Fig. 11.9.59 the effect of transverse cooling is clearly seen.

11.9.3.5.2 Ion detection: Resolution limit by the beam’s space charge

The residual gas ions or electrons are accelerated towards the detector by applying an external electric
field of typically 0.3 to 3 kV/cm. But the beam, made of charged particles, also carries an electrical field,
the space charge field, which influences the trajectory in addition. The radial electric field Egpace 0f a
round, non-relativistic coasting (un-bunched) beam is given for a Gaussian distribution with standard
deviation 0 (FWHM=2.35 - 0) by

2
Egpace(r) = 27360 : qelN : % : (1 — 32 ) (1.9.38)
assuming equal beam size in horizontal and vertical direction, which leads to a radially symmetric field;
geN/l1 is the number of particles with charge state ge per unit length. For high current operation at a typ-
ical proton LINAC or synchrotron, this field strength is comparable to the external field, see Fig. 11.9.60
(left). The residual gas ions or electrons are accelerated by both fields, leading to a broadening of the
measured profile depicted in Fig. 11.9.60 (right) for this beam parameters; a typical trajectory for a resid-

ual gas ion is depicted in Fig. I1.9.61 (right). To get a first estimation of the real beam size, the correction
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can be calculated via

meas corr

O oam = Olions — Oy - (11.9.39)
Ocorr 18 given in a first-order approximation by the beam space charge and the external field according to

2ln2 1
o2 — e’ In

i dpar qN -y ——
T Aega /mpc? gap eUes

The correction is proportional to the number of beam particles N. It is inversely proportional to the

(IL.9.40)

square root of the external field (created by the static voltage U.y) and, therefore, an increase in the
external field has only a relatively weak influence on the broadening. A large distance dg,;, between the
two high voltage electrodes result in a longer drift time and therefore in a prolonged influence of the
space charge field. The typical time of flight for a single charged H;r molecular ion is of the order of
100 ns. m,, is the mass of the proton. However, the resulting profile broadening is independent of the
mass of the residual gas ion, as the trajectory of heavier ions are less influenced, but they need more time

to reach the detector plane, and, hence, are influenced by the beam’s space charge for a longer duration.

For a Gaussian beam distribution with different extensions in horizontal and vertical direction,
an exact analytical formula for bunched beam is derived in Ref. [70]. Moreover, the effect of different
masses of residual gas ions are discussed. To calculate this correction for a non-Gaussian cbeam with
different horizontal and vertical size and a longitudinal extension within the bunch, numerical simulations
are required. Some available codes are compared in Ref. [71] and a versatile numerical code is available,
see Ref. [72].

The initial velocity of the residual gas ions right after the ionizin collision between the residual
gas molecule and the beam particle (Bethe-regime) is too small to affect the resolution in most practical

cases; this is in contrast to the electron detection scheme discussed below.

11.9.3.5.3 Electron detection in the presence of a magnetic field

For the profile measurement of intense beams, the detection of electrons is more suited to overcome
the space-charge induced broadening, see Fig. 11.9.61. For this, the HV is reversed to accelerate the
negative electrons created in the atomic collision toward the detector. If an additional magnetic field B
is applied parallel to the external electrical field, the electrons of mass m,. and charge e spiral around the
magnetic field lines with the cyclotron radius . = m /eB where Eyiy | is the kinetic energy
perpendicular to the magnetic field. This transverse kinetic energy is determined by the initial transverse
velocity given by the kinematics of the atomic collision. The cross-section depends on the beam and
residual gas molecule properties [73], resulting in kinetic energies for the emitted electron with a mean
value in the order of (Fli, ) ~ 10 eV. The cyclotron radius, and, consequently, the detector resolution,
is mainly determined by this initial electron energy and is almost independent of the beam’s space-charge
field. For example, a transverse energy component of Ey;, | = 10 eV and a homogeneous magnetic
magnetic field of B = 0.1 T results in an cyclotron radius of r, = \/m /eB ~ 0.1 mm. The
projection of the trajectory in the plane perpendicular to the field is a circle with less than 0.1 mm radius;
this corresponds to the spatial resolution of the MCP; the magnetic field strength is chosen such that

the resolution is mainly determined by the MCP properties. The necessary magnetic field of about 0.1
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Fig. I1.9.61: Left: Schematic trajectory of an electron in an ionization profile monitor in the presence of
a homogeneous electric £ and magnetic field B. Right: The comparison of the trajectories of an H2+—i0n
and an electron with and without a magnetic field visualizes the broadening due to the beam space-charge
field. The electron is fixed to the field line by applying a magnetic field, as shown in the insert. The beam
parameters are: 7 - 10'0 protons within a 10 m long bunch with a radius of 2.5 mm.

J=PARC: Horizontal IPM & Commpensation

o _ " IPM magnet | |
Magnetic field correction of proton beam: &% oy =g i Cofrector. .
corrector 1 [PM magnet corrector 2 el 2 e
beam //\.
B cor| B IPM B cor
lcorr IIPM lw",

. =_1 .
cor lcorr /2 BIPM lIPM

Fig. 11.9.62: Left: Schematic trajectory of an ion beam within the main IPM magnet field and the two
corrector fields. Right: A photo of the J-PARC IPM realization with a main magnet for the horizontal
profile and two corrector dipoles; the dipole field is B = 250 mT with a gap of dgap, = 220 mm, see [74].

T is generated in most cases with a dipole magnet of the same type as used for beam bending, see e.g.
Refs. [67,74,75]. The movement along the field is a linear acceleration with a typical time of flight of
~ 2 ns as given by the strength of the electric field. An interesting discussion about the required electric
and magnetic fields including the remaining distortions can be found in Ref. [76] for the example of LHC

beams; in addition, correction algorithms based on machine learning are described in the reference.

To provide a magnetic field of B > 0.1 T with a gap for the electric field cage of at least dgaj, =~
20 cm, a relative long dipole magnet must be installed. Figure 11.9.62 shows the realization at the proton
synchrotron J-PARC providing a magnetic field of B = 250 mT and a homogeneity of about 1 %
within at the detection volume [74,75]. The magnetic field has a significant influence on the proton
beam trajectories even for high-energy synchrotrons. To counteract this bend, two corrector magnets

with an inverted B—field orientation and, in total, the same effective length 2., as the main dipole
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Fig. 11.9.63: Left: General scheme of the profile determination via detection of the residual gas fluo-
rescence. Right: Scheme of an image intensifier consisting a photo-cathode, an MCP and a phosphor
screen.

lipm is required as mounted upstream and downstream of the main dipole. The related magnet structure
with close fields of opposite orientation must be optimized by numerical field simulations to provide an
optimal homogeneity for the electron trajectory and the compensation for the proton beam. The required

insertion length in beam direction for the three magnets is typically 1.5 to 2.5 m.

11.9.3.6 Beam induced fluorescence monitor

By the collision of the beam particles with the residual gas, the molecules are not only ionized, but
also excitation of internal energy levels can occur. The excitations decay electro-magnetically by light
emission leading to fluorescence [77]. In particular, the excitation of Ny results in transition bands in the
optical region. The band originates from the decay of N2+ molecular ions excited by the collision with
the beam ions in the wavelength range 390 nm < A < 470 nm, i.e., in the near UV to blue color. The
lifetime is in the range of 60 ns depending on the involved upper and lower molecular levels. About 1 %
of the energy loss in Ny gas is converted to photon emission in the optical wavelength interval [78]. The
general scheme of a Beam Induced Fluorescence monitor BIF is shown in Fig. I1.9.63 and reviewed in
Ref. [62].

In LINACsS, the most prominent vacuum constituent is No; if the signal strength is insufficient, a
pressure bump of Ny gas can be injected into the vacuum pipe with the help of a regulated gas valve. An
image-amplified camera can monitor the fluorescence [79]. The advantage of this non-invasive method is
that nothing has to be installed in the vacuum pipe and commercially available cameras can be installed.
The rate of photons Nppeton for the detected light is given by

AE . 2 len

Nphoton x —As- p-

- 11.9.41
ds hw 4w qe ( )

where %As is the energy loss of ions with charge state ¢ in Ny for an observation length s and the
pressure p, f ~ 1 % is the fraction of the conversion from energy loss to a photon of energy Aw and €2

the solid angle covered by the camera’s field-of-view.

In an image intensifier, as depicted in Fig. I1.9.63, the photons hit a photo-cathode within a vacuum
sealed glass container of typically 18 to 25 mm diameter. With a probability of about 20 %, the photon
is converted to an electrons liberated from the photo-cathode by an voltage between the cathode and
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Fig. 11.9.64: Left: The installation of two BIF monitors at the GSI-LINAC consisting of two intensified
cameras for the horizontal and vertical profile measurement, respectively. Right: Image of a 4.7 MeV/u
Ar'%* beam of Ijnym = 2.5 mA and 250 ws duration with a vacuum pressure of 105 mbar recorded at
the GSI LINAC. The original image (recorded with a double MCP intensifier) is shown, as well as the
projection on the vertical axis [79].

the MCP front side. As described above, the electrons are accelerated towards an MCP and amplified
by a factor of usually 10, A phosphor screen converts the electrons back to photons, which are finally
imaged by the camera via relay optics or fibres. The total conversion efficiency can be up to 15 %, which

characterizes the probability that a single photon is visible as bright light spots in the camera image.

Figure 11.9.64 (left) shows the typical installation of a BIF station for horizontal and vertical profile
measurement. An example of a related beam image is shown in Fig. I1.9.64 (right) recorded at the pulsed
LINAC at GSI with an argon beam. Single photon spots are visible on the image, but the projection
along the longitudinal direction shows a profile with sufficient statistics [79]. The method is also applied
for higher energy beams e.g. at CERN’s SPS and LHC [80].

11.9.3.7 Synchrotron radiation monitor

For electron accelerators, the effect of synchrotron radiation, emitted by accelerated electrons can be
used for profile determination. As known from classical electrodynamics [18] the radiation power FPyyncn

is given for a momentum change dp/dt of a particle with mass mg by

2 d 2
Psynen = e — [p} . (11.9.42)

6meo(moc?)? | dt
Taking into account that dp/dt = p - v/ R, the radiation power from a bending magnet for a beam with
kinetic energy Fiiy is
2 4
_ e“c Ey..
* 7 6meg(moc?)* R2

(11.9.43)
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Fig. I1.9.66: Sketch of a synchrotron radiation profile monitor observing the radiation from a dipole.
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Fig. I1.9.67: Sketch of the optical system for synchrotron radiation profile monitors and a 1:1 image
visualizes the diffraction limit.

The radiation from electrons and protons at the same kinetic energy compares as

Pgecons [932 MeV

prrotens | 511 keV

4
] ~ 10'3, (11.9.44)
synch

which means that the power radiated by electrons is 103 times higher than for protons of the same kinetic

energy.

In the centre-of-mass system, the radiation is emitted perpendicular to the momentum change. The
Lorentz transformation to the laboratory frame gives a factor of v, yielding a forward-peaked distribution
with an opening cone of half-angle v, as demonstrated in Fig. 11.9.65. The physical principle, achievable

resolution, and some applications are reviewed in Ref. [81].

Optical imaging
The light emitted by the electron’s bend in a dipole magnet can be used to monitor the beam’s horizontal

and vertical profile, as schematically shown in Fig. 11.9.66. For diagnostic purposes, the visible part of
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11.9.3. Measurement of beam profile

the emitted spectrum is observed in most cases by using optical band-pass filters. For this wavelength,
high-quality optics are available, and standard cameras can be used. For most accelerator applications,
the required wavelength is longer than the so-called critical wavelength, where the power spectrum falls
off. Due to this approximation, we can apply some approximation; see, e.g. Ref. [82]. For horizontally
polarized synchrotron light of wavelength A the radiation by the electrons is emitted into a cone with an
opening angle of

a=041(\/p)/? | (11.9.45)

with p being the radius of the bending magnet. For the optical system, a 1:1 image from the beam spot
to the camera is obtained by a focusing lens of diameter D, separated by a distance L from the beam and
from the camera, see Fig. 11.9.67. More precisely, the finite emission angle « results in an image of size
D on the lens. From the theory of Fraunhofer diffraction on a round aperture, the pattern on the image

plane has a half-width o of
A

= — 11.9.46
7T 9D/L (I1.946)
Combining both equations with the geometrical dependency D ~ 2aL yields the resolution due to
diffraction

o~06(X2-p)"* (11.9.47)

A small width of the diffraction pattern and, therefore, a good resolution is achieved for a given optical
system by Refs. [83,84]:

— using dipole magnets with small bending radius p; but this radius is fixed by the accelerator con-

struction and

— a short wavelength, but due to technical reasons (optic component & camera), it should not be
shorter than near UV i.e. A > 300 nm.

Typical limits are about ~ 100 pum, depending on the dipole bending radius. A higher resolution can be

achieved by observing the light from wigglers or undulators if they are installed in the synchrotron.

Figure 11.9.68 depicts a realization of a synchrotron light profile monitor at CERN LEP [85]. The
bending radius is 3.1 km. The diffraction gives the most substantial contribution to the resolution by
about o ~ 300 pm, which is comparable to the actual electron beam size. The setup consists of a metal-
lic mirror to deflect the light out of the plane of the beam. Due to the high power of the synchrotron
radiation, the mirror has to be cooled, and possible deformations can reduce the optical quality. With the
help of curved mirrors, the light is focused, and an optical filter selects the wavelength range of blue or
UV light; the detector is an image-intensified camera. Even though the resolution is limited, this rela-
tively straightforward system is frequently used 1 for accelerator operation due to its non-destructiveness.
Figure 11.9.69 shows an example from the synchrotron light source APS [86].

An example of the application of a synchrotron radiation monitor is shown in Fig. 11.9.70 during
beam acceleration at the ALBA booster synchrotron [87]. For the two dimensional beam image, the width
in the horizontal and vertical direction can be calculated and compared with simulations. At first glance,
the adiabatic damping is less pronounced as compared to the example of the hadron beam in Fig. I11.9.58:

the reason is the contribution to the beam width by the relative momentum spread Ap/pg of the beam
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Fig. 11.9.68: Left: An early installation of a synchrotron radiation profile monitor at LEP. The optical
system is installed close to the 23 m long dipole magnet with a bending radius of 3100 m, from Ref. [85].
Right: The typical monitor installation at a circular light source, from Ref. [88].
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Fig. 11.9.69: Image of the electron beam in the APS accumulator ring from a synchrotron radiation
monitor at Argonne National Laboratory [86].

particles and non-zero dispersion D at the measurement location as zo; = \/ eB+ (D -Ap/pp)? and

the contribution by quantum fluctuations related to the emission of photons [87].

At dipoles in transfer lines such synchrotron light monitors can be installed as well, which is
realized at some facilities, e.g. Ref. [88]. However, there might be some technical problems as the amount
of light emitted during the single pass of the electrons might be insufficient; instead, OTR screens, due to
their simpler technical realization, serve as a frequently used profile diagnostics in transfer lines at light

sources or scintillation screens in the case of low beam current applications at other electron accelerators.

X-ray imaging

As stated above, synchrotron radiation monitors for optical imaging have a typical resolution of 100 ym
determined by diffraction at aperture limitation and lenses of the optical path from the synchrotron to
the optical hutch as well as related to the emission cone of the light; the diffraction pattern depends

on the ratio between observation wavelength and aperture. A higher resolution of typically 5 to 10 yum
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Fig. 11.9.70: Left: Examples of a two-dimensional beam image from a synchrotron light monitor at the
ALBA booster synchrotron. Right: The fitted horizontal and vertical beam width during the acceleration
from 0.1 to 3 GeV within 130 ms, and the comparison with simulations, from Ref. [87].

can be achieved by recording the beam image at shorter wavelengths down to the hard X-ray range
of several 10 keV photon energy. Figure I1.9.71 compares the schematics of three frequently installed
synchrotron radiation monitors. Such X-ray setup is nowadays installed at most circular light sources
related to the user requirements for shorter wavelength generation and significantly smaller electron
beam emittance. Figure 11.9.72 shows one typical realization in more detail where broadband X-rays
are recorded using pinhole optics [89]. Most X-ray imaging systems use an image reproduction scale of
about 1:1 for a distance of about 10 to 20 m from the source to the optical hutch. The pinhole plate is
located mid-way to ensure equal object d and image D distance. The pinhole plate has a hole diameter of
typically 10 ym. The plate is made of heavy metal such as tungsten and has a thickness of 1 to 5 mm to
attenuate the X-rays outside the hole. A good alignment is required for the optical path of at least 10 m
length and a hole of typical 10 pm diameter, in the depicted case realized by an optional laser beam.
Upstream of the X-ray beam, a wedge-shaped variable attenuator is used, and a blocking of the optical
and UV synchrotron radiation photons by a thin metal window. Downstream of the pinhole, further
X-ray shielding is required. As a recording device, a commercially available X-ray camera consists
of a scintillator to convert the X-ray photons to optical photons, which are then, as the second step,
imaged with a regular camera. A 90° mirror is used to mount the camera outside the X-ray path. Such
pinhole cameras are installed in most light sources as they provide a simple and reliable image method;
however, the image quality, particularly the image contrast, is limited. Non-standard X-ray optics have
been installed to increase the image quality. Quantitative design considerations, recent developments,

and further references are collected in Refs. [90-92].

Optical interference

The resolution limit for the profile measurement is further reduced down to ~ 1 um by using an interfer-
ence technique for optical wavelengths created by a double-slit. The scheme is depicted in Fig. 11.9.71
(bottom); the general considerations are described in Refs. [92-94] and related formulas are derived.
Generally, the coherence of the optical light wavefront approaching the double slit leads to an inter-

ference pattern on a distant plane. The interference minima converges to zero intensity for an ideal
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Fig. I1.9.72: Schematics of a pinhole X-ray monitor installed at SOLEIL [89].

point-like source and coherent light emission. For an extended source size, the interference pattern is
less pronounced and fades out as the minima do not have intensity zero. From this blurring of the in-
terference pattern, the finite electron beam size and its profile distribution can be reconstructed. From
the dipole magnet, the light is transported to several 10 m distances to the optical hutch and the slit plus
related optics and narrow-band filter installed on a laser table. Beam sizes less than 10 ym were mea-
sured; installation examples are described in Refs. [95,96]. However, the interference methods require
very precise alignments of the optical path and are sensitive to environmental disturbances. Hence, its
applicability is often restricted to precise machine studies, while for the standard accelerator operation,

the X-ray pinhole camera is a more robust instrument.

11.9.4 Measurement of transverse emittance

The emittance describes the quality of a beam by depicting the phase-space distribution with a charac-
terization using statistical moments. Emittance determination are based on profile measurements; it is

unimportant what method of profile measurement is used as long as it has an adequate resolution. In the
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11.9.4. Measurement of transverse emittance

following, we start with a slit-grid and pepper-pot device, where an aperture fixes the spatial coordinate,
and the angle distribution is measured. Those invasive methods are suited for particles having a range
in matter below ~ 1 cm, i.e. proton or ions with Ey;, < 100 MeV/u, see Fig. 11.9.20. The emittance
can also be determined by fitting the beam envelope, determined by the beam profile at one location
with different focusing conditions or at different locations. This can be applied to transfer lines for all
beam conditions. However, including emittance growth due to space-charge forces is problematic, i.e.,
a blow-up of the transverse size due to the forces between the charged particles. The involved physics,

technologies, and data acquisition are detailed in Ref. [97].

In a synchrotron, measuring the beam profile at one location is sufficient. For the stationary
state of stable storage, the orientation of the ellipse, which is equivalent to the knowledge of the lattice
functions dispersion D(s) and S-function (s), is fixed (or can be measured separately). The emittance

is calculated from the beam width o via

- 5 [”2 - (D(S)Azf>2

which is valid for the horizontal and vertical plane, respectively. If only horizontal bends occur in a

) (11.9.48)

2
facility, the dispersion in vertical direction is D,, = 0, and the equation simplifies to €, = ﬁg—é)
Yy

11.9.4.1 Definition of the emittance

A linear second-order differential equation can describe the motion of the beam particle. It assumes the
absence of any non-linear coupling, like space-charge forces or beam-beam effects as well as coupling
between the two transverse and the longitudinal planes. The beam quality is given by the phase-space

volume, which is then a constant of the motion. The emittance for one plane is defined by

€x = 1/ dedx’ | (11.9.49)
A

™

where A = e is the area of the phase-space occupied by the beam, see Fig. 11.9.73. A measurement
of the emittance is equivalent to determining the distribution of the spatial coordinate x (i.e., the beam
profile), the distribution in angle z’, and the correlation between x and x’. The basics of linear beam

dynamics are discussed in textbooks on accelerator physics, see Refs. [98-101].

The interpretation of an area assumes a hard-edge, homogeneous distribution. A more realistic
case is the Gaussian density distribution p(z, x’) defined at the position of the vector # = (z, 2’) for each
location s along the beam path. The 2-dim density is then (the meaning of the mathematical abbreviations

are described below)

1 —1 1 —1
p(z,2') = exp [a‘:’Tcrlf} exp { (022x2 — 201922 + 01133’2)] . (I1.9.50)

 27e, 2mey 2deto

The profile distribution P(x) is obtained by integrating the density p over 2’ as P(z) = [ p(x,2')da’
and the parameter /011 is the standard deviation of this distribution. /023 is the corresponding value
for the angular distribution P(z’) obtained by integrating p(z, z") over z as P(2') = [ p(z,2")dx. 012
is called covariance as it describes the correlation between z and 2’ and is related to the orientation of
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the ellipse in phase-space; Appendix I1.9.10 compiles the required formulas.

With the help of three parameters o;; the so-called beam matrix o can be defined in the following

o(s) = ( onls) oa(s) ) (11.9.51)

0'12(8) 09292 (S)

way:

at one location s in the beam line. The beam matrix o represents the beam ellipse at this location s
and varies along the beam path. It is used in connection with the transfer matrix R, which describes the
action of the optical elements along the beam path in a linear approximation with optical elements like

drifts, dipoles, quadrupole magnets or solenoids by
o(s1) =R -o(sp)-RT (I1.9.52)

from a location sg to sy, see Section 11.9.4.4 for a more detailed discussion.

The absolute value of the emittance at each location can be defined using this notation as

€px = vdeta =1/011022 — 0'%2 (H.9.53)

and corresponds to an occupation of 15 % of the full phase-space area. The unit of this value is m-rad
or more frequently mm-mrad. To be consistent with the geometrical interpretation of an area surrounded
by an ellipse, the number is multiplied by 7; in this case 39 % of the beam is inside the area of 7 -
\/m. In other words, the Gaussian beam quality at a given location s is fully described by
the beam matrix o (s).

Frequently, the Twiss parameters (better called Courant Snyder functions) are used, which are the

beam matrix elements normalized by the emittance as
042—012/6 52011/6 ’}/:(722/6 . (11.9.54)
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11.9.4. Measurement of transverse emittance

The beam matrix is then

o =c- ( po—a ) (IL.9.55)
o

and the equation of the beam ellipse can be written as
ya? 4 20’ + ﬁx’Q = ¢ with the normalization fy—a?=1 . (I1.9.56)

The width of profile and angular distributions is given by

To = /011 = 6,3 and :B/U = 4\/0922 = \/a . (H.9.57)

Their geometric meaning is one standard deviation of the transverse profile and angular distribution of
the beam. The geometrical size of the phase-space ellipse is changed along the beam pass s; therefore,
the parameters «(s), 5(s) and ~y(s) are functions on the position s. In particular, for a synchrotron 3(s)
is called the beta-function, describing the beam size via x,(s) = m .

For theoretical calculations, one prefers analytical descriptions of the density distribution. One
example is the Gaussian distribution of Eq. I1.9.50; other functions are discussed, e.g. in Ref. [101].
However, the beam does not always have a Gaussian shape. For any arbitrary phase-space distribution,
the beam emittance can be calculated via the statistical moments of a 2-dimensional distribution p(x, ).

Appendix I1.9.10 compiles the definitions for statistical moments.

To describe the beam quality via the emittance the rms value (root mean square) can be calculated

as

Erms = det( <x2,> @g)} ) - \/ (22)(2'?) — (2’2 (IL.9.58)

(z2’) (x

and follows the same general mathematical role as Eq. I1.9.53.

For a Gaussian distribution, the fraction f of the beam inside the certain value of the emittance

can be expressed via the rms value as

e(f) = —2merms - In (1 — f) (11.9.59)
leading to the following table:
factor to €5 ‘ 1 -€rms T €ms 2T €rms AT - €rms  OT - €rms ST - €rms
faction of beam f [%] ‘ 15 39 63 86 95 98

When a certain emittance value is given for a beam, one has to check its meaning carefully, as there is

no standard definition for the emittance to what level of beam fraction this value refers.

The emittance is a quantity defined in the laboratory frame due to the definition of divergence.
When a beam is accelerated, the divergence shrinks (“‘adiabatic damping”) due to the changing ratio

of longitudinal velocity v to transverse velocity v,: ' = v, /vs. To compare emittance for different
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longitudinal momenta ps = mgq - Vel * Us, the normalized emittance €01,
US
€norm — ?’Yrel - € (11.9.60)

is referred to a value vs/c - o1 = 1 (corresponding to vy = 1/1/2- ¢ = 0.71 - ¢). ¢ is the velocity of
light and 7,1 = 1/4/1 — (vs/c)? is the relativistic Lorentz factor. The normalized emittance is constant

under ideal accelerating conditions.

A measurement of emittance means a determination of the numerical value of € as well as the

orientation and shape of the phase-space distribution.

The above discussion concerns the 2-dimensional horizontal phase-space spanned by the coordi-
nates x and x’; generally, which is not always realistic. Taking all three spatial dimensions into account,
a 6-dimensional phase-space must be considered with a 6-dimensional vector ¥ = (x,2',y,v', [, %)t
for the horizontal, vertical and longitudinal direction; [ is the bunch length and % the momentum spread
compared to the reference particle. The beam matrix o and all transfer matrices R are then 6 X 6 matrices.
However, Eqgs. 11.9.51 and 11.9.52 keep their form also for 6 x6 matrices. Using the full 6-dimensional
phase-space, correlations between the horizontal, vertical and longitudinal sub-spaces can be described.
A dipole magnet is an example of the coupling between horizontal and longitudinal phase-space as it
introduces dispersion D for particles of different momentum Ap, leading to an enlarged profile width

Zrms in terms of addition in quadrature as

Aprms 2
Trms = || €rmsB + DT . (I1.9.61)

For simplicity, only the 2-dimensional case spanned by x and 2’ is considered in the following sections.

11.9.4.2 Slit-grid method

A popular method at proton or ion LINACs: is the slit-grid device, where the beam particles have a
penetration depth below 1 cm as schematically depicted in Fig 11.9.74. Here, the position z is fixed for
one direction with a thin slit having an opening of typically 0.1 to 0.5 mm to filter out only a small
fraction of the beam at a known location. The full beam is transmitted in the perpendicular direction to
get a large signal. The angle 2’ is determined with a SEM-grid having a distance from the slit of 10 cm to
1 m depending on the ion velocity. In the field-free drift space, the trajectories of the particles, combined
in a “beamlet”, are straight lines [97, 102—-104]. The angular distribution at the slit location gives the
contribution to the emittance plot in the phase-space. The slit is then scanned through the beam to get all
positions. The data must be normalized to a constant beam current as measured, e.g., by the beam charges
hitting the slit. After finishing the full scan, the emittance is plotted, and the rms-value of the emittance
€rms 18 calculated using the statistical moments as given in Eq. I1.9.58 from the measured data. A fit
with an elliptical shape is extracted from the data, and the Twiss parameters (Courant Snyder functions)
can be calculated. An example is shown in Fig. I11.9.75 for a low energy ion beam as a contour or
three-dimensional plot. As depicted, the slit-grid method can determine more pathological phase-space
distributions related to the direct determination of position and angular distribution; it is not restricted to

Gaussian distributions. Close to an ion source, this happens often due to the large space-charge forces or
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Fig. I1.9.74: Scheme of a slit-grid emittance measurement device.
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Fig. 11.9.75: Emittance measurement using a slit-grid device with a low energy Ar** ion of 60 keV at
the Sprial2 facility depicting a mountain and contour plot [105].

the large profile width, where aberrations of the magnets could be significant.

The resolution concerning the spatial coordinate Az is limited by the slit width Az = dgj;;. The
angular resolution Az’, measured at a distance d, is given by the radius of the wire 7;ze and the width
of the slit resulting in Az’ = (dwire + 27wire)/d. The size of discrete elements in phase-space is given
by Az - Az’. This leads to a discretization error [106], particularly in the case of small beam sizes
(focused beam setting) or small angle distributions (parallel beam setting). The resolution is improved
by scanning the SEM-grid in steps lower than the distance of the wires d;,e, increasing the density of
the discrete elements in the phase-space analysis. Such a case can lead to overlapping elements because
their size Az - Az’ stays constant. The same holds for a movement of the slit with a step size lower than

the slit width. Further error contribution are discussed e.g. in Ref. [107].

11.9.4.3 Pepper-pot device

Using a slit-grid device, the slit and the SEM-grid have to be scanned through the beam, which takes up
to several minutes per plane. In particular, for pulsed LINACs, only one step for the slit and the SEM-
grid can be performed during a single pulse. Using a slit, the two transverse planes’ determinations must
be done separately. With a matrix of holes in a plate, such a measurement can be performed within one

single beam pulse. Moreover, if the ion sources may have fluctuations from pulse to pulse, the emittance
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Fig. I1.9.76: Left: Scheme of a pepper-pot emittance measurement device. Right: Photo of the hardware
of a pepper-pot emittance device, including the laser for calibration (right side), the camera (left), the
pneumatic drive for the pepper-pot-screen support (right back) and the drive for the movable mirror for
the laser light.

Fig. I1.9.77: Left: Screen shots of the pepper-pot device with a laser beam for calibration. Right: A
single-shot ion beam, including the projection of the horizontal plane with a high current Ar'* ion beam
at 1.4 MeV/u (bottom), from Ref. [110].

is measured for a single beam setting. This is performed with a pepper-pot device [108,109], Fig. I11.9.76
depicts both, a schematic drawing and a photo of an actual realization. As an example, the pepper-pot
plate of the GSI device has holes with 0.1 mm diameter and 3 mm spacing. To record a calibration grid on
the screen, a HeNe laser beam illuminates the pepper-pot, and the image is recorded with a CCD camera,
as shown in Fig. 11.9.77 (top). This calibration has to be performed before each beam measurement
to prevent errors from probable misalignment. Relative to this, the position and size of the beamlets’
spots created by the holes are determined; see Fig. 11.9.77 (bottom). For the device used at GSI [108],
the size of the pepper-pot is 50 x 50 mm? having 15 x 15 holes with 0.1 mm diameter. The distance
between the pepper-pot and the viewing screen is 25 cm. The screen is made of pure AlyOs due to the
high beam intensities. Other materials can be used for the screen, e.g., the phosphor screens discussed in
Section 11.9.3.1.

The analysis of the emittance plot can be done by evaluating the individual spots’ angular distri-
butions; in this case, a possible coupling of the two transverse planes would be detectable. Alternatively,
the data are projected to both transverse planes, as shown in the insert of Fig. 11.9.77 (bottom). The

analysis for the phase-space plot is similar to the slit-grid method. For an estimation of the resolution,

1409



11.9.4. Measurement of transverse emittance

/5

angle [mr]
Sivargence

SAPRY

=

W

=

coordinate “nm]

Fig. I1.9.78: The horizontal emittance of the data above, including the projection to the axis.

the arguments are comparable to the one for the slit-grid device:

— A good spatial resolution is generated by the illumination of many holes spaced by separated
small distances. However, one has to avoid overlapping the beamlets at the screen to distinguish
the contributions of the individual holes.

— The diameter of the holes should be small, but in this case, the signal strength goes down.

In general, the resolution is inferior to the slit-grid, where the movable slit can have much smaller incre-
ments than the distance between the holes. Like for every destructive measurement, one has to evaluate

the total beam power to prevent the melting of the uncooled pepper-pot aperture.

11.9.4.4 Quadrupole variation

The emittance can be determined from a series of profile measurements, either by changing the focusing
strength of a quadrupole or by measuring at three or more positions along a transfer line, as schematically
shown in Fig. I1.9.79 and Fig. I1.9.81. To derive the emittance from such a measurement, linear transfor-
mations are used. The described measurement is just the reverse of standard transport calculations with
codes like MADX: Starting for a given emittance (size and orientation) at the input of a transport line,
the beam envelope is calculated along the line. If the profile is measured, one calculates the emittance at

the transfer line start location by using the same transformations in reverse (see below).

For a straight, non-dispersive transfer line, the transformation from a location sg to s; is given
by the 2x2 transfer matrix R (assuming a de-coupling of the directional phase-spaces). Important
examples for these matrices are:

Drift with length L:

1 L
Rarire = , (I1.9.62)
01

horizontal focusing quadrupole with quadrupole constant k£ and effective length [:
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Fig. I1.9.79: Variation of a quadrupole strength for the emittance determination at the location sg.

—Vksin Vkl cos Vkl

horizontal de-focusing quadrupole with quadrupole constant k£ and effective length :

kl L sin VI
Rfocus = < o f vk o f > y (11963)

(IL.9.64)

cosh vkl L sinh vkl
Rdefocus = < vk )

Vk sinh vkl cosh vkl

The quadrupole constant k& = |g|/ (Bp), is given by the ratio of the field gradient g = Bc1c/a, with
Bpole is the field at the pole and a the aperture, and the magnetic rigidity (Bp), within the dipoles of
bending radius p.

Determining the emittance at the position sg is equivalent to evaluating the beam matrix o at this
position. The beam matrix transforms to a second location s; with the help of the product of transfer
matrices for the individual elements R = [ | Rejements from the quadrupole to the profile measurement
location via

o(1)=R-o(0)-RT . (11.9.65)

The beam width z,,5(1) is measured at s; and the equation for the element o1 (1) is given by
22, (1) = o11(1) = R¥011(0) + 2R11 R12012(0) + Ri5092(0) . (11.9.66)

This is a linear equation for the unknown three beam matrix elements 0;;(0) at location sg, in Fig. 11.9.79

in front of the focusing quadrupole magnet.

To get a solution, we need at least three different settings of the quadrupole strength k;, and, hence,

different transfer matrices R(k;) leading to three different readings of the profile width, as depicted
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in Fig. I1.9.79. Assuming ¢ = 1, 2...n different settings of the quadrupole strength ki, ks...k,, and n

measurements of the beam width 22

cms(L ki) = o11(1, k;) a redundant system of linear equations is

obtained in the form

011(1, kl) = R%l(lﬁ) . 011(0) + 2R11(l€1)R12(k‘1) . 012(0) -+ R%Q(]ﬁ) . 022(0) focusing k1
011(1, k‘Q) = R%l(k‘z) i (711(0) + 2R11(k‘2)R12(k2) . 012(0) + R%Q(k?) . 022(0) focusing ko

0'11(1, k‘n) = R%l(k‘n) . 0'11(0) + 2R11(l€n)R12(k§n) . 012(0) + R%Q(k’n) . 0'22(0) foc. k,, (11.9.67)

The solution of this system are the values of the beam matrix ¢;;(0) (or equivalently the Twiss parame-
ters) at the location sg, the entrance of the quadrupole magnet. With these values, the size and orientation
of the phase-space ellipse are fixed. For three measurements (k1, ko, k3), a unique solution can be ob-
tained, but an error estimation cannot be evaluated. Therefore, more than three measurements must be
performed, leading to a redundant system of linear equations. The solution is reached by a least-square
fit to the best parameters of 7;;(0) or by solving the linear regression problem; the mathematical method
is referred to as normal equations. Both algorithms are described in textbooks of Linear Algebra or

Numerical Mathematics.

Instead of solving the redundant system of linear equations, one can start from the parabola fit of
the beam size squared as a function of the quadrupole strength, as shown in Fig. 11.9.80. Most frequently,
the transfer line comprises a quadrupole followed by a drift toward the profile measurement location. A
quadratic dependence is observed for the following reason: Assuming a thin lens approximation with a

focal length f of the quadrupole action, one can write the transfer matrix as:

1 0 1 0
= = . I1.9.
Rfocus < —1/f 1 > ( K 1 ) ( 968)

After a drift of length L, the transfer matrix of the transfer line is

(I1.9.69)

1+ LK L
R = Rdrift : Rfocus = .

K 1

Inserting this matrix into Eq. I1.9.65 for the transformation of the beam matrix o(1) = R - o(0) - R”,

2

the measured beam matrix element 011 (1) = z7,,,

(1) can be written as
o11(1) = L?011(0) - K? + 2 (Lo11(0) + L?012(0)) - K + 011(0) + 2Lo12(0) + L?092(0) . (11.9.70)

This is the expected quadratic function in the quadrupole gradient K. From the beam width measurement
for various quadrupole settings, a parabola fit is performed for Fig. 11.9.80 with the fit parameters a, b
and c (this parametrization is chosen to yield a simple expression for the absolute value of the emittance
as shown for Eq. I1.9.74 below)

o1 (K)=a(K —b)?+c=aK?—2abK +ab® + ¢ . (IL9.71)
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Fig. 11.9.80: Profile width (one standard deviation) determined with a YAG:Ce screen at the Elettra
electron LINAC for a quadrupole variation and the parabolic fit, from [111].
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A comparison of the coefficients of the last two Egs. 11.9.70 and 11.9.71 yields

a = L20'11(O)
—ab = Lo11(0) + L2012(0)
ab*+c¢ = 011(0) + 2Lo12(0) + L%022(0) . (11.9.72)

These linear equations can finally be solved, and the result is the requested matrix elements at the en-

trance of the optical system:

a
) =
a 1
012(0) = —ﬁ <L+b>
1 2ab
02(0) = 75 <ab2—i—c+ Z+Lag> . (1L9.73)

The absolute value of the emittance is calculated from these fit parameters via

e = Vet (0) = \/o11(0)022(0) — 03,(0) = “L‘z‘; . (11.9.74)

Be aware that the fit parameters have some units as given in Eq. 11.9.71.

An example is shown in Fig. 11.9.80 performed at the electron LINAC at ELETTRA for a beam

with 107 MeV using a YAG:Ce scintillation screen for profile determination. To achieve a small error for

the emittance determination, it is recommended to pass a beam waist by the quadrupole variation. Only

in this case, a parabola can be fitted through the profile data with sufficient accuracy.

The above discussion assumes that the method is performed at sections where no dispersion is
present. The dispersion function D(s) gives rise to an additional contribution to the beam width Ax by
the momentum deviation Ap of the particles with respect to the mean momentum p as Az = D - Ap/p
as discussed for Eq. I1.9.61. To avoid the measurement of the lattice function D(s) and a longitudinal

momentum spread determination, the transverse emittance measurement’s location within the transfer
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Fig. 11.9.81: Scheme for the emittance determination at a transfer line using a profile measurement at
three locations.

line should be dispersion free.

The described method is based on linear transformations and conservation of the emittance during
the manipulation by the quadrupole. Moreover, an elliptical shape of the emittance is assumed. De-
pending on the general beam properties, this is a reasonable assumption as long as non-linear effects,
such as aberration of magnets by higher-order field contributions or space-charge forces, are low. If the
investigations are done with intense beams, an emittance blow-up may occur, depending on the particle
density. However, the size is to be changed, and even a waist has to be created. For high intensity beams,
self-consistent, iterative algorithms must be applied to estimate the emittance at the quadrupole entrance;
see, e.g. Refs. [112,113]. Using tomographic reconstruction, arbitrary phase-space distributions can be
determined from the profiles obtained by the quadrupole variation. Tomography was developed for med-
ical imaging, where a 3-dimensional object is reconstructed from a series of 2-dimensional projects ob-
tained by X-ray or nuclear-magnetic observation. In analogy for the quadrupole scan, the 2-dimensional
phase-space distribution is deformed in a well-controlled manner and the 1-dimensional projects to the
transverse profile axis is measured. From those profile measurements, the original phase-space distribu-
tion is reconstructed; examples are described in Refs. [114—116]. Recently, machine learning algorithms

are applied for reconstruction to recues the computing effort and artefact reduction [117].

11.9.4.5 “Three grid” method

Instead of varying a quadrupole, the beam profiles at different locations along a transfer line can be
measured with fixed magnet settings. This method is sometimes applied at long transfer lines, where
the profile monitors are installed anyhow. There is no general restriction to the involved optics as long
as they can be described by linear optics, e.g., dipoles can be included with their known transfer matrix

Raipole and the related width enlargement as given by Eq. I1.9.61.

A profile measurement at least at three or more locations is required, see Fig. 11.9.81, for the
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Fig. I1.9.82: Determination of the beam envelope by linear transformations in horizontal (top curve) and
vertical (bottom curve) direction using different profile measurements. The width of the profile is shown
as green lines, performed at a transfer line at GSI.

determination of the three statistical moments of the symmetric beam matrix o assuming a separation
of the horizontal, vertical and longitudinal phase-space. However, more measurements are required to
enable an error estimation. To achieve good accuracy, one profile monitor should be close to a beam
waist. For the determination of the beam matrix elements O'l‘j(O) at the transfer line entrance sg, the
profile widths, and therefore the beam matrix elements o;;(n), are determined at n different locations

Sp. A system of redundant linear equations for the entrance emittance o;;(0) is given by

0'11(1) = R%l(l) . 0’11(0) + 2R11(1)R12(1) . 0'12(0) + R%Q(l) . 0‘22(0) R(l) 180 — 81
0'11(2) = R%I(Z) . 0'11(0) + 2R11(2)R12(2) . 0'12(0) + R%Q(Q) . 022(0) R(Q) 180 — S2
all(n) == R%l (TL) . 0'11(0) + 2R11(n)R12(n) . 0'12(0) + R%Q(TL) . 0'22(0) R(n) 180 — Sp (11975)

This is a comparable formula as derived for the quadrupole variation (Eq. I1.9.67), but the transfer matrix
R(i) describes now the beam transport from the starting point of the transfer line s¢ to the location of
the individual measurements s;. The algorithm of the emittance calculation (least-square fit or normal
equation algorithm) is the same as for the quadrupole scan. Such a measurement is shown in Fig. 11.9.82,
compared to the fitted beam envelope, to visualize possible errors. In practice, the parameters of the
entrance ellipse are fitted to match the measured profiles using a linear optics code (e.g. MADX) for this

transfer line.

To get a reliable measurement, the transfer matrix R(n) should adequately describe the action by
optical elements on the beam. In particular, one has to ensure that the beam centre passes the quadrupoles
on their magnetic axes, i.e. no “steering” of the quadrupoles is present. As discussed before, no emittance

growth, e.g., due to space-charge forces, is assumed here.

The algorithm is not limited to straight transport lines. If a dipole magnet is present in addition, one
has to take its bending and focusing action on the beam into account. This results in a dispersion D(s),
i.e., a coupling between the momentum spread 6 = Ap/p and the transverse beam size with Az = D -

Ap/p. For this case, the transport matrix contains an additional matrix element R13. Moreover, a dipole
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I1.9.5. Beam position monitors for bunched beams

influences the angular distribution called angular dispersion D', resulting in an additional matrix element
Ro3. The single particle trajectory is now described by a 3-dimensional vector ¥ = (z,z’, Ap/p)! and
the transfer matrix R is now a 3 x 3 matrix. The effect of momentum spread must be included in the
symmetric beam matrix o with three additional elements, the covariances 013 = (x, Ap/p), 023 =
(z', Ap/p) and momentum variance o33 = (Ap/p?) as a symmetric 3 x 3 matrix as six independent
elements. To determine the values of these beam matrix elements, at least 6 profile measurements have
to be done, resulting in at least 6 equations in the system of linear equations for o;;(0) in Eqgs. 11.9.67
and 11.9.75.

I.9.5 Beam position monitors for bunched beams

The central transverse position of the beam as well as the longitudinal bunch shape, is very frequently
determined with pick-up plates, refers to as electrodes. The monitor’s principle is to measure the image
current on an insulated metal electrode as induced by the electro-magnetic field of the beam particles,
see Fig. 11.9.83. Because the electric field of a bunched beam is time-dependent, a time-varying signal
is induced on the electrode. Further signal processing is based on radio-frequency (RF) technologies to
determine the beam’s horizontal and vertical centre-of-mass. Only time-varying signals can be detected
by this principle as generated by a bunched beam. The signal shape, as well as the most frequently used
types of pick-ups, are described in this section. The application is the determination of the beam position,
i.e., the transverse centre-of-mass of the bunches. To this end, four pick-up electrodes are installed, and
the difference of opposite electrode signals yields the centre-of-mass in both transverse planes. The
arrangement of electrodes is called Pick-Up PU the corresponding installation for the centre-of-mass
determination is referred to as Beam Position Monitor BPM. In all cases, the instrument is non-invasive
as the image current of the moving charges is measured. A review of general BPM properties and BPM
types is given in Refs. [118] to [122]. In a synchrotron, the closed orbit is determined by the BPMs.
Advanced measurements based on position information are discussed at the end of this section, namely

the determination of tune, chromaticity and lattice functions of a synchrotron.

Iimage(t) - Ibeam (t)

image charges

QO O O O ©

Thean)
GO OO0 § G _D—

beam pipe

Fig. 11.9.83: The beam current induces a wall current of the same magnitude and time structure but
reversed polarity.

I1.9.5.1 Signal treatment of capacitive BPMs

As shown in Fig. 11.9.84, a capacitive pick-up consists of four insulated electrodes or one ring mounted
inside the vacuum chamber. Here the induced image charge of the beam is coupled via an amplifier for
further processing. The electrode at a distance a from the beam centre has an area of A and a length in

longitudinal direction of /. The current [;y, originated by the image charge Qi as a function of time ¢ is

1416



CERN Yellow Reports: Monographs, CERN-2024-003

amp
['1 m(t) equivalent circuit
R U0
beam pipe I | = ground
pick up_ - \\A_I\\ C Iim(t)@ i_ R[] Uin(®
l'\-:umu
+ o+ + 4+ o+
2a

= = "— ground
|||

A: area of plate
Fig. 11.9.84: Scheme of two pick-up electrodes and its equivalent circuit.

the given by
inm A deeam(t)
Iim(t) = =— . .
®) dt 2mal dt

For a beam with velocity (3 the derivative with respect to time of the beam charge dQpeam (t)/dt can be

(IL.9.76)

reformulated as
deeam(t) o Ldlbeam o l

—— - iwlpeam

dt Be dt B (@)

where the beam current is expressed in frequency-domain using the angular frequency w as Ipeam =

(11.9.77)

Ipe~™! 2, Combining Eq. 11.9.76 and Eq. I1.9.77 the image current can be written as

1 A
Iim(t)=@~%~wfbeam : (11.9.78)

As the signal, we use the voltage drop at a resistor R
Uim(w) = R« Iim(w) = Zi(w, B) * Tpeam(w) . (11.9.79)

For all types of pick-up electrodes, the general quantity of longitudinal transfer impedance Z;(w, 3) is
defined by Eq. I11.9.79 in the frequency-domain according to Ohm’s law. For a more detailed discussion
of important relations see Refs. [118] to [122]. The transfer impedance describes the effect of the beam
on the pick-up voltage, and it is dependent on frequency, the velocity of the beam particles 3, and ge-
ometrical factors. It is beneficial to use of a description in frequency-domain , where the independent
variable is the angular frequency w. Generally, time- and frequency-domain descriptions are connected
by Fourier transformation. Appendix I1.9.11 compiles the relevant theorems for the Fourier transforma-
tion. A mathematically more stringent derivation of the relevant equations for capacitive BPMs is given
in Sections 11.9.5.3 and 11.9.5.4 below.

The pick-up electrode in Fig. 11.9.84 has a certain capacitance C', which is determined by the
distance between the electrode and with respect to the beam pipe as well as a capacitance contributed

by the cable between the plate and the amplifier input. This amplifier has an input resistor K. Using a

More precisely: The derivative of a function df /dt can be expressed as a multiplication of its Fourier transformation f(w)
with —iw, see Appendix I1.9.11 with Eq. I1.9.165 for the mathematical basis and Section 11.9.5.3 for more stringent derivation.
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Fig. 11.9.86: Simulation of the image voltage Uiy, (t) for the values of the pick-up used in Fig. 11.9.85
terminated with R = 50 €2 for three different bunch lengths of Gaussian distribution with o of 100 ns,
10 ns and 1 ns, respectively. The cut-off frequency f.,t = 32 MHz. Note the different time scales.
(The bunch length in the last case is artificially short for a proton synchrotron.) The shape of Uy, is
generated by the following steps: Given Ipeam(t) — FFT yields Tjeam(w) — multiplying by Z;(w)
yields Ui (w) = Zy(w) - Theam (w) — inverse FFT yields Uiy, (t). The Fourier transformations are shown
in the lower plots. A Gaussian function in time-domain of width of o, has a Fourier transformation
described by a Gaussian function of width oy = 1/(270y) centred at f = 0.

current source to model the beam and the parallel connection of the equivalent circuit elements, we can

write the impedance Z in terms of an equation of complex numbers as

1

Z R

1

R

) g R
+iwC <— T iwRC

(11.9.80)

Inserting this impedance in Ohm’s law as given in Eq. 11.9.79 and using the expression for the image

current of Eq. I1.9.78, the measurable voltage of the pick-up electrode is then given by

R 1 1 A iwRC

Unm=7——55 Iim=—5" 5" : .
1+ iwRC e C 2ma 1+ iwRC

: Ibeam = Zt(w7 B) : Ibeam ; (H981)
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which results in general transfer impedance

1 1 A iwRC
Zt(w,ﬁ)—@-a-%a-lﬂw}m ) (11.9.82)

This is a description of a first-order high-pass filter for the transfer impedance Z;(w, #) with a
cut-off frequency fous = Weu/27 = (2rRC)™L. For the case of a linear-cut BPMs used at proton
synchrotrons (see below), a typical value of the capacitance is C' = 100 pF with a length of [ = 10 cm.
The high-pass characteristic is shown in Fig. 11.9.85 for a 50 €2 and a high impedance 1 M) amplifier

input resistor. In the figure the absolute value

11 A W/ Weut
Be € oma Tt aRjaly

is shown. A BPM must match the interesting frequency range, which is determined by the accelerating

| Zy| = and the phase relation ¢ = arctan (weys/w) (11.9.83)

frequency and the bunch length. In a typical proton synchrotron typical values of the accelerating fre-
quency are in the 1-10 MHz range, while for LINACs and electron synchrotrons, typically 100 MHz to
3 GHz are applied.

We can distinguish two extreme cases for the transfer impedance in Eq. 11.9.82:
— High frequency range w > w.y: Here the transfer impedance converges to

1w/ Weut

7 o
L 1 +iw/wcut

1. (11.9.84)

The resulting voltage drop at R is

1 A

Uml) = 5.6 ora

“ Tpeam(t)- (I11.9.85)
The pick-up signal is a direct image of the bunch time structure with no phase shift, i.e. ¢ = 0. To
get a low cut-off frequency wcyt = 1/RC, high impedance input resistors are used to monitor long
bunches, e.g. in a proton synchrotron. Figure 11.9.86 (right) shows the calculated signal shape.
Note that in the figure a 50 €2 termination is considered, leading to a large value of the cut-off
frequency fout = 32 MHz. In the application of a proton synchrotron, high impedance (~ 1
M) termination yields a much lower value for the cut-off frequency; for assumed resistivity and
capacitance of f.,t = 10 kHz. The transfer impedance for this case as shown in Fig. I1.9.85 where
the condition corresponds to the enlarged flat part of the depicted transfer impedance. A typical

signal using high-impedance termination is depicted in Fig. 11.9.87.

— Low frequency range w < wc,: The transfer impedance is for this case

oo e @ (11.9.86)
1+ ZW/Wcut Weut
The voltage across R is in this case
R A R A dlpeam
U (t) = — - — -iwl =———" 11.9.87
im () Bec 2ma 1/ beam Bec 2wa dt ( )
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Fig. 11.9.87: Bunch signals from a linear-cut BPM for 1 M2 termination as installed at the GSI ion
synchrotron. The upper curve shows the bunches of the proton beam along the synchrotron circumference
at the begin of the acceleration and the lower curve after reaching the final energy. Note the different
time scales on top of the plots.
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Fig. 11.9.88: Bunch signal from a capacitive BPM with 0.12 MeV/u (top) and 1.4 MeV/u (bottom)
energy at the GSIion LINAC. The derivative behaviour is caused by 50 €) termination to achieve a large
amplifier bandwidth. The accelerating frequency is 36 MHz.

using the frequency-domain relation Eq. 11.9.165 to substitute the quantity iwlpear, With the time
derivative %. The measured voltage is proportional to the derivative of the beam current.
This can also be seen from the phase relation of the high-pass filter in Fig. 11.9.85, where a phase
shift of 90° corresponds to a derivative. The signal is bipolar, as shown in Fig. 11.9.86 (left). A
measurement from the GSI-LINAC is shown in Fig. 11.9.88, which fulfils the condition above.

The signal at the amplifier output depends on the frequency range compared to the cut-off frequency.
Of course, the bunches are not pure sine waves, and, hence, a mixture of proportional and derivative

components contribute to the signal shape in time-domina as presented in Fig. 11.9.86 (middle).

With respect to the different limits of the transfer impedance, two important applications are dis-

cussed in the following:

— Range w > wg, realized by a low w., due to high impedance:
In a proton or ion synchrotron, a low frequency is applied for the acceleration in the range of

face = 1-10 MHz, resulting in bunches of several meters length. In these circular accelerators,
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large apertures are necessary of typically a = 10 cm lowering the transfer impedance due to
Z;  1/a. To achieve a larger sensitivity, the length of the pick-up electrode in beam direction is
increased, typically [ ~ 10 cm due to Z; o [. Note that the electrode length is still much shorter
than the bunch length. To have a flat sensitivity curve, i.e., a large bandwidth, a low wey = 1/RC
is used by feeding the signal into a high impedance FET transistor as the first stage of the amplifier.
A bandwidth of the amplifier circuit of 100 MHz can be reached, but it is difficult to build them
with a larger bandwidth. To prevent signal degeneration due to the limited amplifier bandwidth,
the application of high-impedance amplifiers is restricted to proton or ion synchrotrons with less
than ~ 10 MHz acceleration frequency. Observing the contribution in the bunch spectrum up
to the tenth harmonic of the acceleration frequency is sufficient for most applications. As stated

above and shown in Fig. 11.9.87, a direct image of the bunch is seen in this case.

— Range w < weyt realized by a high w.; due to 50 (2 impedance:
At proton LINACs and all electron accelerators, the bunches are short, typically in the mm range,
due to the higher accelerating frequencies of fi.c = 100 MHz to 3 GHz. Firstly, one does not
gain signal strength by making the length [ larger. Secondly, a 50 €) termination is used to prevent
reflections and to get smooth signal processing with a large bandwidth of up to several GHz. The
short [, and, correspondingly, lower capacitance C, and the R = 50 €2 lead to a high wcyt. The

analog signal comprises the derivative of the bunches as depicted in Fig. 11.9.88.

The preceding discussion does not take into account the effect of the frequency response of the

associated cables, amplifiers and filters; see Refs. [119, 123] for a more detailed discussion.

I1.9.5.2 Signal treatment for a train of bunches

In the previous section, the transfer impedance Z; was discussed for a single bunch passage, which might
be realized at transfer lines between synchrotrons. But most other accelerators deliver a train of bunches
separated by the time tacc = 1/ facc as given by the acceleration frequency facc. In Appendix 11.9.11
and Eq. I1.9.173 the mathematical basis for such a case is briefly discussed. There it is shown that
the frequency spectrum for periodic signals is composed of lines at all harmonics h of the acceleration

frequency h - facc With an envelope function given by the single bunch frequency spectrum.

As an example of transfer impedance properties and the resulting image voltage Uiy, (), the ap-
plication for a typical linear-cut BPM used at proton synchrotrons are discussed here with the same
parameter set as in the previous section and the transfer impedance Z; shown in Fig. 11.9.85. The fol-
lowing values for the BPM geometry are used: The electrode length in beam direction is [ = 10 cm; the
distance between the plates and the vacuum pipe centre is ¢ = 5 cm covering the full circumference;
the capacitance is C' = 100 pF. For this example, we assume a synchrotron, where the acceleration is
performed by f,.c = 1 MHz acceleration frequency, a revolution time of 8 us and an average beam cur-
rent of 1 mA. The beam has a velocity of 5 = 50 % and a bunch duration of o, = 66 ns for a Gaussian
distribution, corresponding to a bunch length of o; = 10 m, i.e. much longer than the BPM length of
typically 10 cm. The following calculations use the concept of frequency-dependent transfer impedance
Z;(w) and the calculation as depicted in Fig. 11.9.86.

High impedance termination: In Fig. 11.9.89, a high impedance termination of R = 1 M{2 is
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Fig. I1.9.89: Signal simulation for 1 M2 termination of a BPM; see text for further parameters. Left:
beam current, middle: signal voltage, right: frequency spectrum of the signal voltage Uiy, (f).
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Fig. I1.9.90: Signal simulation for 50 €} termination of a BPM, see text for further parameters. Left:
beam current, middle: signal voltage, right: frequency spectrum of the signal voltage Uin, (f).

chosen for the BPM signals, leading to the high-pass cut-off frequency fou = (2rRC)~! = 1.6 kHz.
The signal shape for Uy, () is proportional to the beam current Ipeap, (t) with the proportional constant
Z; ~ 5 Q). However, the signal voltage shows some negative values, the so-called baseline shift. Due to
the BPM’s high-pass characteristics, any dc-signal part is disregarded by the BPM. Hence, the uni-polar
beam current is transformed into an ac-signal with the condition that the integral over one turn is zero,
i.e. the baseline is lowered to a value in a way to counteract the positive signal strength; note that the
value of the baseline depends on the bunch length. The frequency spectrum of this periodic signal is
composed of lines at the acceleration frequency and its harmonics. In other words, the signal power is
concentrated in narrow frequency bands, separated by the acceleration frequency. It is common for the
position evaluation to use only one of these frequency bands with high power density, e.g. by filtering or
narrowband processing to suppress broadband noise contributions, see Section 11.9.5.9. The envelope of
these lines is given by the Fourier transformation of the single bunch current multiplied by the frequency-
dependent transfer impedance. For the bunch duration o; of this example, the maximum frequency is
about 10 times the acceleration frequency. For the layout of broadband electronics, it is reasonable to
enlarge the bandwidth to at least the tenth harmonics to record the full signal shape and its total power
spectrum, correspondingly. Using a Gaussian bunch shape, the relation of the Fourier transformation
of = (2mo) ! can be used for the bandwidth estimation. Note that the frequency spectrum continues

to higher values for non-Gaussian bunch shapes of the same oy .

50 2 termination: It is quite common in RF-technologies to use 50 {2 terminations for signal
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transmission. A related impedance for the BPM amplifier input seems to be adequate; the resulting
signal shape is depicted in Fig. I1.9.90. However, for the parameters of this example, a termination with
a 50 Q resistor leads to a signal of differentiating shape with a drop in voltage by a factor ~ 20 as
compared to the high impedance termination. This is caused by the f.,; = 32 MHz BPM’s high pass
characteristic, which is larger than the relevant frequencies as given by the single bunch envelope, see
Fig. 11.9.90, right. This low signal amplitude is the reason why at proton synchrotrons a higher impedance
termination is preferred. As for the high-impedance case, the frequency spectrum contains significant
lines up to the tenth harmonics for typical beam parameters. Hence, the electronics bandwidth should
be chosen accordingly for a broadband recording. Further examples of signal shapes are presented in
Ref. [120].

11.9.5.3 Formal derivation of transfer impedance formula
In this section, a formal derivation of the frequency-domain transfer impedance as of Eq. 11.9.82 is
discussed using some formulas given in Appendix 11.9.11; the related arguments are based on Ref. [124].

The time dependent image current [y, (¢) can be written according to Eq. I11.9.76 as

_ inm . A deeam(t)
(V) = =0~ = ~5a dt

(IL.9.88)

for the image charges ()i, and beam charge Qpeam at an electrode at a distance a from the beam center, an
area of A and a length in longitudinal direction of /, see Fig. 11.9.84. The Fourier transformation Iy, (w)
of the frequency dependent image current can be expressed using the differentiation law of Eq. I1.9.165

as

Iim(w) = iwQim(w) (11.9.89)

~ 2mal
The related beam charge Qpeam () is given by the beam current Ieqp () in time-domain as a convolution

with window function W (t) as

o0

Qbeam(t) = / Ibeam(T) : W(t - T) dr . (11.9.90)

—00

This window function can be defined by the time ¢y the particles of velocity Sc need to pass half of the

electrode length £y = % : é as

W(t) = { Lif —to<ts<ty (IL9.91)
0if [t > to

The Fourier transformation is given by the law of convolution Eq. I1.9.168 and the Fourier transformation

of a rectangular window as

Qbeam(w) = jbeam(w)'W(w)

~ sin witg
= Ipeam (w) -2

W

1423



I1.9.5. Beam position monitors for bunched beams

: l
- ] Sinwse
= Joeam(®) - 5 T%C (11.9.92)
2Bc

with the insertion of the passage time %.

For bunches much longer than the pick-up electrode, the sinc-function (see Appendix I11.9.11) can
be approximated by sinc(z) = 22 ~ 1 for small || < 1. This yield for the frequency dependent beam

charge

~ I -
@beam (W) = B Theam (W) - (11.9.93)
Inserting this relation in Eq. I1.9.89 results in

~ A 1 -

I (w) = R, e “iwlpeam (W) - (I1.9.94)
As it is common to measure a voltage across a resistor for the equivalent circuit depicted in Fig. 11.9.84,
the impedance of the parallel RC-shunt given by Eq. 11.9.80 has to be used, which yields with the

previous equation the relation for the frequency dependent signal voltage

~ R ~
V) = 1ope )
WRC 1 1 A
1+iwRC pBe C 27a
= Zt(waﬁ)‘jbeam<w) .

(I1.9.95)

: fbeam (W)

It is exactly the same formula as Eq. 11.9.82, but now derived with a mathematically more stringent
argumentation. The assumption that the bunches are much longer than the pick-up electrode is related to

a “quasi-static” approach. It is valid at least for most proton synchtrotrons and proton LINACs.

11.9.5.4 Alternative derivation of the transfer impedance

This section concerns an alternative approach to derive the transfer impedance, which points more clearly
to the capacitive coupling between the beam and the pick-up electrode as the transfer impedance Z; of
Eq. 11.9.82 can be derived directly for the Gaussian Law and the property of the equivalent circuit for
long bunches. This description acts as a physical basis of the previously depicted current source used
for the description related to the equivalent circuit of Fig. 11.9.84. There are only minor changes in the

resulting equation; hence, this section acts as an alternative approach.

Assuming a cylindrical pick-up electrode of length [ and radius a much shorter than the bunch
length and a round beam of radius 7peam, then the electric field of the bunch has only a radial component
E,(r) as depicted in Fig. 11.9.91 (left). From the Gaussian Law § E - dA = % | p dV for the electric
field vector E generated by the charge density p within a volume V/, the radial electric field E,(r) can
be calculated between the beam edge rpean and the pick-up electrode by integration over the surface
vector dA. For the geometry of Fig. 11.9.91, the electric field at a radius r between the beam edge and

the electrode for a cylinder of length [ with a barrel surface of A, = 27rl is

1
7{ E.(r)-dA = — [pdV (I1.9.96)
€0
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Fig. 11.9.91: Left: The cylindrical geometry used to calculate the coupling capacitance for the beam
to the pick-up electrodes; see text for the meaning of the symbols. Right: The equivalent circuit for a
capacitive pick-up.

0
1 Q1
E.(r) = A IL9.
— (r) 2reg I T (I1.9.98)

with @) is the total charge within the integration volume. Due to the assumption of a bunch much longer
than the pick-up electrode, the electric field E, is perpendicular to the surface vector dA at the end caps
and does not contribute to the surface integral and only the barrel surface remains. The induced voltage
Ubeam On the circulating pick-up electrode of radius a by the beam of radius rpeany, is calculated using

the electric field as

@ 1 @ 1
Upeam = / E.(r) dr = Q. —dr (11.9.99)
Theam 27T€O l Tbeam
1
= Qe (I1.9.100)
271’60 l T'beam

Substituting the line charge density )/l by the beam current for particles moving with velocity [ as
Iheam = Q/1 - Be, the induced voltage is written as
1 1 a

Ubeam = —— - — - In
com 27T60 /86 Tbeam

Theam - (11.9.101)

The coupling between the beam and electrode is modelled electronically as a capacitance C¢ as

Q 1

= = 2meg - L -
Ubeam

Cc (11.9.102)

a

Theam

As depicted in the equivalent circuit of Fig. 11.9.91 (right), the image voltage Ui, across a resis-
tor R is measured, where R is part of a parallel shunt to the unavoidable stray capacitance C's. The

impedance of the RC's parallel shunt is

1 1 R
4 Jog = — " 11.9.103
7 R+szs — Zg [T iwRCs ( )

In general, the whole circuit represents a voltage divider with the input voltage Upear, and the measured
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Fig. I1.9.92: Schematics of a BPM for the vertical position reading based on the proximity effect.

voltage Uiy,. Together with the serial capacitance C'c of impedance

1
Zo = 11.9.104
“ 7 iwCe (119104

and using the relation

1 n R _ 1+iwR(Cc + Cs)
iwCo  1+iwRCy iwCe(1 + iwRCg)

Zo+Zs = (I1.9.105)

the image voltage is written as

Zg Cco iwR (Cc + Cg)
Um = —— U eam — : - - U eam 11.9.106
Zo+ Zg P Cc+Cs 1+iwR(Co+Cs) P ( )
l 1 iwR (Cc + Cy)

- . Moonm 11.9.107
Be Co+Cs 1+iwR(Co+Cg) " ( )

for the last step Eq. 11.9.101 and I1.9.102 is used. Finally, the transfer impedance Z; can be written as

Uim (w) l 1 iwR (Cc + Cy)

7 =_m\vy . .
Hw) Iheam(w) Be Co+Cg 1+ iwR(Co+ Cs)

(11.9.108)

This is a comparable relation to Eq. 11.9.82, but it distinguishes between the stray capacitance C'g and the
capacitive coupling between the beam and the pick-up electrodes Cc and justifies the name capacitive

pick-up for such an arrangement.

Using as an illustration the previously discussed BPM example with an electrode length [ = 10 cm,
a radius of @ = 10 c¢m for a beam of velocity 8 = 50 % and radius rpeam = 1 cm, the value of the
coupling capacitance is Cc = 12.7 pF as given by Eq. 11.9.102. This shows that C¢ is significantly
lower than the unavoidable stray capacitance C's ~ 100 pF for a typical technical realization. Hence, the
transfer impedance Z; of Eq. 11.9.108 is dominated by Cs and can be approximated by the previously
given Eq. 11.9.82 for many practical cases.

I1.9.5.5 Characteristics for position measurement by BPMs
11.9.5.5.1 Definition and properties of position sensitivity

The deviation of the beam centre from the centre of the vacuum chamber is frequently monitored us-
ing four isolated electrodes by determining the voltage difference AU, = Uyight — Ulery or AU, =

Uup — Udown of opposite electrodes, respectively. The closer distance to one of the electrodes leads to
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a higher induced voltage. This is called the “proximity effect” and schematically shown in Fig. 11.9.92.
Normalizing to the sum signal XU, = Uyignt + Ulef, the horizontal displacement  can be obtained from
1 Uright - Uleft 1 AUx

€T - —_— = .

B Siw Uright + Uleft B Sz EUx

(horizontal) (I1.9.109)

which is independent of the beam intensity. For the vertical plane the position y is given by

- i Uup - Udown o i AUy
VoS, U+ Usown Sy XU,

(vertical) . (I1.9.110)

This position measurement is the most frequent application of pick-ups, hence they are called Beam
Position Monitor BPM. The proportional constants .S, respectively S, between the measured normalized
voltage difference and the beam displacement is referred to as position sensitivity expressed in the unit
S = [%/mm)]. Sometimes the inverse is used k = 1/.S expressed in the unit & = [mm] and is called BPM
position constant or position sensitivity as well. It is possible that the position sensitivity depends on the
beam position itself, corresponding to a non-linear voltage response for a large beam displacement and,
additionally, on the evaluation frequency; hence, it depends on the horizontal and vertical coordinates

resulting in a function S = S(z,y, w).

For typical beam displacements of much less than 1/10 of the beam pipe aperture, the difference

AU is lower by at least a factor of 10 compared to the sum voltage U i.e.

XU

Low-noise signal processing is required for the difference voltage to achieve a sufficient signal-to-noise
ratio. This concerns the usage of low-noise amplifiers which have to be matched to the signal level.
Sometimes difference and sum voltage are generated by analogue means using a so-called A — X hy-
brids. In these cases, the difference voltage can be more amplified than the sum signal (typically by
10 dB, which corresponds to a factor of three for the voltage amplification) to match the optimal signal
level for the successive electronics or analogue-digital conversion. The most effective noise reduction is
achieved by a limitation of the signal processing bandwidth because the thermal noise voltage U.g at a
resistor R scales with the square root of the bandwidth Af as U.g = +/4kgTRAf with kg being the
Boltzmann constant and 7" the temperature. The bandwidth limitation is performed by bandpass filtering
at a harmonics of this frequency or mixing with the accelerating frequency in the narrowband process-
ing, as discussed in Section 11.9.5.9. A review of general BPM properties and BPM types are given in
Refs. [118] to [122].

An example of a capacitive BPM used at the GSI LINAC is shown in Fig. 11.9.93. The round
electrodes have a diameter of 12 mm and are soldered in a vacuum housing with ¢ = 50 mm diameter; the
total insertion length is 80 mm and connected by @100 mm flanges; this arrangement is commonly called
button BPM. For typical displacements of up to 2 < 1/2 - a, the position sensitivity S, (z) and Sy (y) is
sufficiently constant; Section 11.9.5.6 describes the properties of button BPMs. However, the response is

non-linear for larger displacements, and a correction algorithm might be applied to the digitized signals.

From a more abstract perspective, we can define the transverse transfer impedance Z | in analogy
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Fig. I1.9.93: Left and middle: Photo and schematic drawing of a button BPM at the GSI LINAC mounted
on a ©100 mm flange. Right: Photo and technical drawing of the button for this BPM.

to the longitudinal case as
AU, =7, - xlheam (I11.9.112)

for an off-centre position z and a beam current [y,eap,; the product xly,eay 1S sometimes referred to as the
dipole moment of the beam. 7, can be written as a product of the longitudinal transfer impedance Z; as

of Eq. I1.9.82 and a geometric non-linear function g(x) as
Z, = ——. (I11.9.113)
For some calculations the usage of Z| acts as an alternative to description by the position sensitivity S.

11.9.5.5.2 Characteristic quantities for position measurements

For the characterization of a position measurement system, several descriptors are frequently used, which
are compiled for completeness [118]:

Position sensitivity: It is the proportional constant between the beam displacement and the signal
strength. It is defined by the derivative

> = [%/mm] (linear)  S,(z) = 4 (log

U, right
Dhett

Sy ()

~dr \ XU,

d (AU,
dx

> = [dB/mm] (logarithmic)
(11.9.114)
for the horizontal direction and the vertical direction, respectively. The unit is S = [%/mm] for linear
processing or S = [dB/mm] for logarithmic processing [118]. For small displacements, a constant value
is expected. For larger displacements, the horizontal sensitivity S, might depend on the beam position
in the horizontal direction, referred to as non-linearity. Additionally, it might depend on the beam’s ver-
tical position, referred to as horizontal-vertical coupling. Moreover, it might depend on the evaluation
frequency. Hence, in the most general case, the position sensitivity S(z, y, w) is a function of horizontal
2 and vertical y displacement as well as frequency w. Sometimes the inverse of .S is used abbreviated as
k =1/S and is given in the unit of £ = [mm)].
Accuracy: It refers to the ability of position reading relative to a mechanical fix-point or any other ab-
solutely known axis , e.g. the symmetry axis of a quadrupole magnet. The accuracy is mainly influenced
by the BPM’s mechanical tolerances, as well as the long-term stability of the mechanical alignment.

For cryogenic installations, the mechanical position reproducibility after cool-down cycles influences
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the accuracy. Besides these mechanical properties, it is also influenced by electronics properties such as
amplifier drift, noise and pick-up of electro-magnetic interference. Long-term drifts can be compensated
by calibrating the electronics at regular intervals. The digitization leads to a granularity of values, which
might limit the reachable accuracy. For modern installations, this limitation is compensated by enhanced
ADCs with a high number of bits.

Resolution: It refers to the ability to measure small displacement variations; relative values are com-
pared here contrary to the accuracy. In most cases, the resolution is better by a factor of two to five as
compared to the accuracy. The resolution depends strongly on the measurement time because averaging
procedures can exceed the accuracy by a factor of 100. A typical value for the resolution for a broadband,
single bunch reading is 10~3 of the beam pipe radius or roughly ~ 100 um for a beam pipe of 10 cm as
assumed in Section 11.9.5.7. For averaged readings on a typical time scale of 10 to 1000 ms, a resolution
of 10~° of the beam pipe radius or roughly ~ 1 zm can be reached. As for the accuracy, the resolution
depends on the electronics noise contribution as well as short-term and long-term drifts.

Analogue bandwidth: The lower and upper cut-off frequency of the analogue electronics must be
matched to the frequency spectrum delivered by the bunched beam. For noise reduction, the bandwidth
can be limited by analogue filters.

Acquisition bandwidth: It refers to the frequency range over which the beam position is recorded and
should be matched to the analogue bandwidth. A much larger bandwidth is required to monitor fast
changes of beam parameters , resulting in a lower position resolution. The same is true for short beam
deliveries, as found in transport lines as averaging is not meaningful. The bandwidth can be restricted
to achieve a high resolution for slow varying beam parameters which is similar to analogue narrowband
processing described in Section 11.9.5.9.

Real-time bandwidth: The quantity characterizes the data rate of producing an analogue or digital po-
sition signal with predictable latency to be used, e.g. by an orbit feedback system.

Dynamic range: It refers to the beam current range for a reasonable system response. In most cases, the
signal adoption is done by a variable gain amplifier at the input stage of the electronics processing chain.
Within the dynamic range, the position reading should have a negligible dependency with respect to the
input level.

Signal-to-noise ratio: It refers to the ratio of the wanted signal to unwanted noise. An unavoidable
contribution is given by thermal noise. Cooling of the first stage amplifier reduces this thermal noise.
Other sources, such as electro-magnetic interference or ground-loops can contribute significantly to an
unwanted signal disturbance. The related signal deformations are frequently incorporated in this quantity
even though they are not caused by noise. Careful shielding and grounding are required to suppress these
disturbances.

Detection threshold: It refers to the minimal beam current for which the system delivers usable infor-
mation. Noise contributions limit the detection threshold. Sometimes this quantity is also called signal

sensitivity.

11.9.5.6 Position measurement using button BPMs

For a round arrangement of buttons and a beam with a longitudinal extension much larger than the button

diameter, a simple 2-dimensional electrostatic model can be used to calculate the voltage difference as a
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Fig. 11.9.94: Schematics for a button BPM and the image current density generated by a “pencil” beam

at different displacements r for an azimuth 6 = 0.
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Fig. I1.9.95: Difference voltage, normalized difference and logarithmic ratio for a button BPM arrange-
ment of angular coverage o« = 30 as a function of horizontal beam displacement, i.e. § = 0 for a beam
pipe radius ¢ = 25 mm.

20

function of beam displacement reflecting the cylindrical symmetry. According to Fig. I11.9.94 we assume
a thin, “pencil” beam with a transverse extension much smaller than the beam pipe radius of current
Theam located off-centre by a displacement r at an angle 6. The wall current density ji,, at the beam pipe

of radius a is given as a function of the azimuthal angle ¢ as

_ Ibeam
2mwa

Jlm(¢) =

a2 — 2
. 11.9.115
<a2+r2—2ar-cos(¢—9)> ( )
and is depicted in Fig. I1.9.94. A mathematical derivation of this electrostatic formula is given in [18,127]

where a point-like charge located at the coordinates r and 6 is assumed.

As discussed above, this represents the proximity effect, where the current density depends on the
distance with respect to the beam centre. For button-type BPM electrodes covering an angle «, the image

current Iy, is given by:
+a/2

I =a / (@) do

—a/2

(IL.9.116)

The resulting signal difference for opposite electrodes as a function of horizontal beam displacement,

corresponding to § = 0°, shows a significant non-linear behaviour, as depicted in Fig. 11.9.95. The signal
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Fig. 11.9.96: Left: Horizontal position calculation for different azimuthal beam orientation 6 for the
parameters of Fig. 11.9.95. Right: In the position map, the open circles represent the real beam position,
and the dots are the results of the 1/S - AU/XU algorithm with S = 7.4 %/mm for the central part.

voltage is calculated according to Eq. 11.9.79 as U = R - Ij;,. The linear range for the normalized dif-
ference AU/XU continues to larger beam offsets. The non-linearity increases if the beam centre moves
outside of the horizontal axis as shown in Fig. 11.9.96 for different values of the azimuthal orientation 6
as a function of horizontal displacement © = r - cos @ according to Eqs. I1.9.115 and 11.9.116. For an
orientation along the diagonal line 6 = 45°, a significant deviation from linearity starts at about 1/4 of the
beam pipe radius for this example. This non-linearity can be influenced by the button size represented
by the angle a. However, in the central part, the reading is nearly independent of the orientation leading
to a universal position sensitivity S. The dependency between the horizontal and vertical plane is better
depicted in the position map of Fig. 11.9.96 (right): Here, the real beam positions with equidistant steps
are plotted as well as the results using 1/S - AU/XU calculations with S fitted at the central part. The
previously described 2-dimensional electrostatic model delivers satisfying results for typical electron
beams of relativistic beam velocities i.e. TEM-like field pattern; only minor corrections are necessary for

a circular BPM arrangement.

If the beam is accelerated only to a non-relativistic velocity 8 < 1, as for proton LINACs and
cyclotrons, the electric field cannot be described as a TEM wave any more. Instead, the field pattern,
as originated by the charged particles, has a significant longitudinal extension because the electric field
propagation is faster than the beam velocity; see the discussion in Section 11.9.6.1. Moreover, this field
pattern and, therefore, the wall current depends strongly on the beam displacement for opposite BPM
electrodes, resulting in a velocity dependence of the position sensitivity S(3). This is discussed analyti-

cally in Ref. [128] and a numerical example is given in Ref [129].

A BPM arrangement obeying the circular beam pipe geometry is installed at CERN LHC and
depicted in Fig. 11.9.97. Due to the size and the round electrodes, this arrangement is commonly called
button BPM. The reason for such installation is to ensure a smooth transition from the regular beam pipe
to the BPM region and to prevent for an excitation of stationary electro-magnetic fields by the beam,
referred to as wake-fields. In most other cases, planar buttons are used due to their more straightforward

mechanical realization as shown in Fig. I11.9.93.

Button BPMs are the most popular devices for electron accelerators. They consist of a circular

plate of typically 10 mm diameter, mounted flush with the vacuum chamber as shown in Fig. 11.9.98.

1431



I1.9.5. Beam position monitors for bunched beams

N-CONNECTOR

FLANGE

INSULATOR

R™ RING ZONTACT I

ELECTR00E __——

Fig. 11.9.97: Left: The installation of the curved @ 24 mm button BPMs at the LHC beam pipe of
@ 50 mm, from Ref. [130]. Right top: Photo of a BPM used at LHC; the air side is equipped with an
N-connector. Right bottom: Technical drawing for this type.

housing _ ‘ transition obeying 50 Q

Fig. 11.9.98: Left: Typical button BPM arrangement within a vacuum chamber at a synchrotron light
source, from Ref. [131]. Right: Photo of the realization at HERA, DESY.

This insertion does not change the cross-section of the chamber and avoids the excitation of wake-fields
by the beam. The button should have a short vacuum feed-through with a smooth transition to a 50 2
cable to avoid the excitation of standing waves and reaches a bandwidth of up to 10 GHz.

Fig. 11.9.98 shows a typical setup used at the storage ring of a synchrotron light source within a
planar arrangement, where the buttons are not mounted in the horizontal plane to avoid synchrotron light
hitting the feed-through. According to Fig. 11.9.98 (left), the position is evaluated via

1 (U +Uy) — (Uy+Us) 1 (U +Us) — (Us+ Uy)

horizontal: z = — - vertical: v = — -
Sy Ui +Ux+Us+ Uy Y Sy Ui+Us+Us+ Uy

(11.9.117)

using all four electrode voltages for the position determination. An appropriate size and location for the
buttons for a linear sensitivity within a certain range at the central part and comparable values of the

related horizontal and vertical position sensitivity has to be calculated numerically, see e.g. Refs. [132-
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Fig. 11.9.99: Numerical calculation of the position map for the arrangement at the synchrotron light
source ALBA. Top left: Results of position calculation for a horizontal scan from —20 mm < z <
20 mm for three vertical offsets using constant horizontal S, (centre) and vertical .S, (centre) position
sensitivities. Top right: The calculated position for the horizontal scan for these three vertical offsets; the
horizontal position sensitivity S, (centre) at the central part is determined from the slope of the curve
with zero vertical offset. Bottom left: Position map for the entire horizontal and vertical range. Bottom
right: The geometry of the @ 7 mm button electrodes of 18 mm horizontal distance within the chamber;
from Ref. [134].

134]. The optimized location depends on the size and distances of the electrodes, as well as the chamber
cross-section. A result for such an optimized setting is shown in Fig. 11.9.99 for the typical geometry of
the storage ring at a synchrotron light source. The inherent geometry of the vacuum chamber leads to a
non-linear position sensitivity and a strong coupling between horizontal and vertical displacements (i.e.
non-linear position sensitivity S(x,y) in Eq. I1.9.114). In case only one value for position sensitivity is
given it concerns the central part of the BPM arrangement, as e.g. shown in Fig. I11.9.99 (top right) for
the curve y = 0 mm. The vertical position sensitivity .S, (centre) is calculated from a corresponding (but
not shown) diagram. After optimization, the values of the position sensitivity at the central part, in this
example S, (center) = 7.8 %mm for y = 0 and S, (centre) = 7.2 %/mm for x = 0 are nearly equal
and comparable to the values one would obtain for a circular beam pipe. But in contrast to the circular
arrangement, even in the central part the horizontal position sensitivity S, (x, y) depends significantly on
the vertical displacement y as well and a corresponding dependency for the vertical direction Sy (z,y).
The related non-linearity and horizontal-vertical coupling is visualized in Fig. I11.9.99 (bottom left) by a
complete position map using constant values for the sensitivity S, (centre) and Sy (centre). However, in
case the beam diameter is much smaller than the chamber size, numerical corrections can be applied to
compensate for the non-linearity and coupling via polynomial interpolation incorporated in the analysis

software, see, e.g. Ref. [134].
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Fig. I1.9.100: Left: Scheme of the position measurement using the so-called linear cut and an example
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Fig. 11.9.101: Linear-cut BPM installed at the medical synchrotron HIT with an aperture limitation
of 180 x 70 mm? Left: technical drawing, middle: the bottom plate for the horizontal position, right:

installation at the synchrotron.
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Fig. 11.9.102: Left: Numerical calculation of the position reading AU /XU as a function of beam dis-
placement for the horizontal plane. The simulated beam is swept in horizontal direction (curves with con-
stant slope) and vertical direction (constant functions) and proves the decoupling of both planes [135].

Right: The BPM geometry for these calculations.

11.9.5.7 Linear-cut BPMs for proton synchrotrons

Due to the long bunches at proton or ion synchrotrons, long electrodes of typically 10 cm are installed to

enhance the signal strength. A box-like device is used frequently to achieve linear response with respect

to the beam displacement, see Figs. 11.9.100 and 11.9.101. For the previously discussed button BPM
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Table I1.9.11: Simplified comparison between linear-cut and button BPM.

Linear-cut BPM Button BPM
Precaution bunches longer than BPM bunches comparable to BPM
BPM length (typ.) 10 to 20 cm per plane @0.5t05cm
Shape rectangular or cut cylinder orthogonal or planar orientation
Mechanical realization = complex simple
Coupling often 1 Mf2, sometimes 50 2 50 Q
Capacitance (typ.) 30-100 pF 3-10 pF
Cut-off frequency (typ.) 1 kHz for R = 1M 0.3to 3 GHz for R = 50 2
Usable bandwidth (typ.) 0.1 to 100 MHz 0.3t0 5 GHz
Linearity very linear, no z-y coupling  non-linear, z-y coupling
Position sensitivity good good
Usage at proton synchrotron, proton LINAC, all electron acc.
face < 10 MHz face > 100 MHz

geometries, the signal from the electrode closer to the beam’s centre-of-mass is larger than that of the
more distant electrode, is referred to as proximity effect. Contrary, the linear-cut BPMs follow another
principle: The induced signal is proportional to the electrode length at the beam centre. For a given
beam displacement z, the electrode’s image voltage Uiy, is proportional to the length ljef; and gy of
the beam projected on the electrode surface as shown for the horizontal direction in Fig. 11.9.100 (left).

For triangular electrodes with half-aperture a one can write:

lyight — !
Light = (a + ) -tana and [ = (@ — ) -tana = z=a- right  Cleft (I1.9.118)
lright + lleft
The position reading is linear and can be expressed by the image voltages as
Uright - Uleft 1 AUm 1
— . — = —. e S = — s II.9.119
v ¢ Uright + Uleft Sa: EU:U * a ( :

which shows that the position sensitivity for this ideal case is simply given by the inverse of the half-
aperture. Compared to other types of BPMs, the position sensitivity is constant for nearly the full range
of displacements, i.e. no significant corrections due to non-linearity is required [135]. This fact is demon-
strated in Fig. 11.9.102 where the result of numerical simulations show a linear scaling of the difference
voltage AU, of opposite plates normalized to the sum voltage U, as a function of beam offset up to
about 2/3 of the half aperture. Moreover, the position reading in the horizontal plane is independent of
the beam position in the vertical plane. Due to the linearity, the position reading is additionally indepen-
dent of the beam size, which is of important for the relatively large beam size compared to the chamber
aperture for low energy proton or ion synchrotrons. This position linearity is the main advantage of the
linear-cut type as compared to the button BPM type. Sometimes linear-cut BPMs are called “shoe-box”
BPMs due to the rectangular arrangement and much larger size compared to the button type. An analogue

signal from such a linear-cut BPM used at an ion synchrotron is shown in Fig. 11.9.87.

As a summary, the basic parameters for linear-cut and button BPMs are compared in Table 11.9.11;

this table contains significant simplifications and serves as an overview only.
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Fig. 11.9.103: Left: Scheme of a stripline BPMB. Right: Photo of the LHC stripline BPM of 12 cm
length, from Ref. [130].
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Fig. 11.9.104: Four plots visualize the signal generation at a stripline electrode for a single bunch propa-
gating with velocity of light and in phase with the signal propagation. The plot on the lower right shows
the signal cancellation in case of a bunch repetition by ¢ = 21/c.

I1.9.5.8 Signal treatment of a stripline BPM

In the above discussion of capacitive BPMs, a quasi-electrostatic approach was used, disregarding effects
based on the signal propagation. If the bunch length becomes comparable to the size of the BPM, the final
propagation time leads to a signal deformation or in other words: For short bunches, button BPMs have
to be small and can deliver only a low signal strength. Stripline BPMs are well suited for short bunch
observation because the signal propagation is considered in the design like for transmission-lines in
microwave engineering. The azimuthal coverage of the stripline BPM can be larger than for a button type
yielding an increased signal strength. Moreover, stripline BPMs have the characteristic of a directional
coupler, which is of great importance for the installation in a collider of counter-propagating beams
within the same beam pipe: Stripline BPMs can distinguish between the directions of beam propagation
and can record only the position from one beam by suppressing the signal from the counter-propagating
beam, as explained below. The electrical properties of such a BPM are comparable to a directional

coupler used for microwave devices [136].

A stripline BPM consists of four transmission lines of several cm length, having at both ends a
feed-through with an impedance of R; and Ro matched to 50 €2, see Fig. 11.9.103. The stripline electrode
of length [ is installed at a distance a from the beam centre, covering an angle of « within a cylindrical

vacuum chamber of radius r. The characteristic impedance Zg,ij, of this strip depends on the parameters
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7, a and o, like for a micro-strip line on a printed-circuit board [136]. It is chosen to be Zgtip, = 50 € for
matching the characteristic impedance at the two ports, i.e. the condition Zgip = 1 = Ro = 50 {2 is
fulfilled. Further on, we assume that the beam is relativistic and can be approximated by a travelling TEM
wave with velocity vpcam, Which equals the signal propagation on the strip Cstrip = Upeam = ¢. The bunch
length should be shorter than the strip length to prevent signal overlapping. The signal generation at the

upstream port 1 during the bunch passage is visualized in Fig. 11.9.104 and described in the following:

— Att = 0, the bunch passes the front edge of the strip. The wall current is divided into two parts
due to the matching of the voltage divider Zrip, = R1 = 50 2. Half of this signal travels towards
port 1 and half travels downstream along the stripline.

— During 0 < t < [/c, the beam and the signal travel in phase according to the condition cgtyip =
Ubeam = C-

— Att = [/c, the bunch reaches the upstream port 2. Here the image charge leaves the stripline,
generating an equal amplitude but opposite sign of current, which is split into two halves according
to Zstrip = Ro = 50 (2. However, the image current is leaving the detector and has the opposite
sign to that generated at the upstream port. Therefore, half of the signal cancels the initially
generated signal at port 1. The other half travels now back towards the upstream port 1.

— Attime t = 2 - [/c, the back travelling signal generated at port 2 reaches the upstream port 1.

— If the bunch repetition time of the bunches is t,.c = 2 - [/c the reflected, inverted signal from the

first bunch cancels the signal from this second bunch.

This ideal behaviour has two important consequences: Firstly, there is no signal at the upstream port 2
for a beam propagating in the described direction. For a second beam travelling in opposite direction,
the roles of the ports are interchanged, which enables the separation of signal from counter-propagating
beams like in colliders; this is not possible for other types of BPMs. However, due to imperfections of
the mechanical and electrical realization, the suppression of the counter-propagating signals (i.e. signal
strength at port 2 compared to strength at port 1) is typically 20 to 30 dB, i.e. the voltage at port 2 is
lower by a factor 10 to 30. Secondly, the voltage signal for the ideal case at port 1 is given by

U1 (t) = . R1 (Ibeam(t) — Ibeam(t — 2[/0)) . (H.9.120)

N | —
B

Inserting a Gaussian bunch distribution as Icam (t) = Ip - exp(—t2/20?) this equation can be written as

Zs ri _ —(t—
Us(t) = # : % (e £2/207 _ o=t 21/0)2/203)) I . (1L9.121)

This voltage signal at port 1 is shown in Fig. I1.9.105 (left) for several bunch durations o;.

The related transfer impedance Z; is obtained from the Fourier transformation of such a stripline

BPM to be
«

trip * E

and is shown in Fig. I11.9.105 (right). For a short bunch it shows the following features:

Zy(w) = Z e "7 /2 . gin(wl/c) - ei(T/2wl/e) (1L9.122)

— |Z;| is composed of a series of maxima for fi4 = 5 - (2n — 1) forn =1,2,...
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Fig. 11.9.105: Left: Calculation of a voltage signal at the upstream port of a stripline BPM of [ =
30 cm and a coverage of av = 10° for different bunch durations o;. Right: The corresponding transfer
impedance.

— For a given acceleration frequency facc, the length [ must be chosen to work close to the maximum.
The first maximum is located at | = 41”& = \/4, with \ being the “wave length” of the bunch
repetition. Due to this behaviour, such BPMs are also called quarter-wave couplers.

— The sensitivity is zero for [ = n - A/2. This means no signal is present when the spacing between

bunches equals 2/ due to the destructive interference between consecutive bunches.

— The phase ¢ as a function of frequency is built of straight lines with a zero phase shift at the
maxima locations for [ = (2n — 1) - A/4. The recorded signal is a direct image of the bunch
for those frequencies. Contrary to capacitive pick-ups, short bunches can be monitored without

significant signal deformation close to these frequency locations.

For a finite bunch duration o, the transfer impedance decreases for increasing frequencies as given
by the term | Z;| e~w’7t/2 in Eq. 11.9.122. This is related to the overlap of direct and reflected signals
leads to destructive interference. Even the first maximum of the transfer impedance can be effected for a
bunch length comparable to the stripline length. However, in most cases, the length of the stripline can

be chosen to avoid signal damping.

The position sensitivity of the four strips of such BPM can be calculated in the same way as for
button types, see Eqs. I1.9.115 and 11.9.116. In the case of low beam current, the azimuthal coverage o
can be enlarged to intercept more image current, leading to an increased signal amplitude without too
much signal distortion. However, the characteristic impedance of the strips has to be kept to Zstrip =
50 €2, resulting in an increased mechanical size of the beam pipe. Moreover, the signal propagation
towards the feed-through has to fulfil this matching condition. Even for smaller azimuthal coverage,
the electrical transition for the strips to the coaxial vacuum feed-through has to be designed carefully,
obeying sensitive radio-frequency and mechanical requirements. The realization of a stripline BPM is
more complex compared to the button type. An example of the technical design [137] for the electron
LINAC at TTF2 is shown in Fig. I1.9.106. The striplines can be installed inside a quadrupole magnet,
reducing the BPM insertion length.

The basics of stripline BPMs are summarized in Table I11.9.12 and compared to the button type.

Due to the precise matching condition required for the stripline type, the technical realization is complex.
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Fig. 11.9.106: Technical drawing of the stripline BPM installed inside a quadrupole magnet at TTF2
(left) and the design of the transition for the strip to the feed-through (right). The beam pipe has @ 34

mm, from Ref. [137,138].

Table I1.9.12: Simplified comparison between stripline and button BPM.

Stripline BPM Button BPM
Idea for design traveling wave electro-static
BPM size (typical) length: 5 to 30 cm per plane ?0.5t03 cm
transverse coverage up to o ~ 70°  signal deformation for larger @
Signal quality minor deformation possible deformations due to
finite size and capacitance
Signal strength large small
depending on trans. coverage
Bandwidth nearly broadband high-pass with fe,; >~ 3 GHz
with well defined minima
Requirement careful 50 (2 matching 50 2 more easy achievable
Mechanical realization complex simple
Installation inside quadrupole possible compact due @ < 3 cm
Directivity yes no

Besides the possibly larger signal strength and bandwidth, the main advantage of stripline BPMs is their

directivity, which is necessary at any collider with counter-propagating beams in a common beam pipe.

For the position measurement, other techniques are used in addition, including monitors measuring

the magnetic field with so-called inductive BPMs or the excitation of cavity modes within a so-called
cavity BPM. Further descriptions and citations can be found in Refs. [118,120-122,139].

I1.9.5.9 Electronic treatment for position determination

To determine the beam’s position, the electrodes’ signals have to be compared. The signal shape (dif-

ferentiation or proportional behaviour) is of minor importance for this comparison. This contribution

describes the electronics used for this purpose only briefly; a detailed review is given in Refs. [140, 141].

For the position resolution, the signal-to-noise ratio is essential. Besides the stray fields from the RF
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analogue manner (solid line).

|

cavities, the broadband amplifier noise and the electronic noise of the following devices contribute.
Therefore, a minimum bunch current is needed for a reliable position measurement. Different principles
are commonly used based on analogue electronics referring to broadband and narrowband processing,

respectively. Both methods can be realized with analogue electronics or digitally.

11.9.5.9.1 Broadband processing

In the broadband case, as shown in Fig. 11.9.107, the signals from the individual electrodes are amplified
(or even attenuated) to adapt the signal strength to the ADC input level. The sum and difference signal
is then calculated from the digitized values. For noise reduction and alias-product suppression, a low-
pass filter is used matched to the sample rate of the ADC. In some installations, an external trigger, as
generated from the acceleration frequency, forced the digitalization: For acceleration frequencies above
several 100 MHz, the technology of under-sampling is used, followed by an adequate digital signal
processing [120]. In some applications, the sum and difference voltages are analogously generated by a
180° hybrid or a differential transformer. Because they are purely passive devices, they can be mounted
close to the BPM plates even in case of high radiation. The resulting sum and difference signals are
then stored in the ADC. The difference signal, which is usually lower by at least a factor of 10, can
be amplified by a higher amount than the sum signal to exploit the entire ADC range. (An overview of
standard RF components can be found in Refs. [122,142].) The analogue electronics is required to match

the signal shape to the properties of the ADCs, and an appropriate trigger are is used for the digitalization.

Modern installations do not use these types of analogue electronics. Instead, the signals are di-
rectly digitized by fast ADCs or digital receivers, which are even commercially available [143]. With
the help of high-speed digital signal processing, the bunch signal is then reduced to one value per bunch,
and the beam position is calculated from the sum and difference value; see, e.g. Ref. [144]. The preci-
sion of this method is lower as compared to the narrowband processing described below. For electron
accelerators with small beam sizes, a resolution of typically 10 ym can be achieved by this broadband
processing. The advantage is the possibility of performing a bunch-by-bunch analysis (i.e. measuring
the position of always the same bunch rotating in a synchrotron) using an appropriate trigger setting or

precise digital signal processing.

The broadband scheme is installed at transfer lines between synchrotrons where only one or few
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Fig. 11.9.109: Bunch signal (top) and its Fourier transformation (bottom) at the GSI-LINAC of a 1.4
MeV/u beam. In the Fourier spectrum, each line corresponds to the indicated harmonics of the 36 MHz
accelerating frequency. The position evaluation is done at 6 fo = 216.8 MHz by a 6 MHz narrowband
processing as indicated by the red lines.

bunches are transferred. A further modification often installed at transfer lines uses logarithmic amplifiers
where an order of magnitude increase of input signal is converted to a linear increase of the output signal;
they are commercially available, e.g. Ref. [5]. The advantage is an extensive dynamic range covered by
a single amplifier stage without range switching. The disadvantage is the lower achievable accuracy,

which is often acceptable at transfer lines.

11.9.5.9.2 Narrowband processing

The narrowband processing is used to get a higher precision of the position reading, attaining 1 pm in
electron machines by this electronics scheme. The better signal-to-noise ratio is achieved by reducing
the signal processing bandwidth by several orders of magnitude. As an illustrative example, the Fourier
transformation of the signal from the GSI LINAC BPM is shown in Fig. I1.9.109. The spectral power
of the signal is mainly available at the bunch repetition harmonics n fy. The position evaluation uses
only this large signal power within the band of frequency span A f, while the thermal noise is reduced as
Ussr < /A f. Technically, the pick-up signal is mixed with the accelerating frequency.

A mixer is a passive RF-device multiplying the two waves at the port RF (for radio frequency) and
LO (for local oscillator). The product is available at port IF (for intermediate frequency). From a mathe-

matical perspective, the mixer multiplies the two waves at LO and RF, and we get from a trigonometric
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theorem 3

1
A (t) = ARrp - A1,0 cOS WREt - cos wr,ot = §ARF - ALo [COS(wRF — wLQ)t -+ cos (wRF + wLo) t] .
(11.9.123)
Typically 10.7 MHz, or one of its harmonics (due to its extensive use in telecommunication), is filtered

out by a narrow bandpass filter.

In the next processing stage, the signal is rectified by a so-called synchronous detector, for which
the schematics are shown in Fig. 11.9.110 having the following functionality: The RF signal is split,
and one branch is fed into a limiter amplifier driven into saturation, which transforms the signal to a
bipolar rectangular pulse. This signal is mixed with the original signal to yield a unipolar waveform
(corresponding to the square). It is passed then through a low-pass filter. An ADC then digitizes the
resulting quasi-dc signal, and the position is calculated via software. In general, this technique is called
heterodyne mixing, and the same principle is used in an analogue spectrum analyser. The mixing is
equivalent to an average over many turns, leading to higher precision in the position reading. However,
this method does not allow a turn-by-turn observation. This method can also be applied for a synchrotron
with varying acceleration frequency, e.g., a proton synchrotron for non-relativistic velocities, because
the varying accelerating frequency is changed in phase with the bunch signal, resulting in a constant

intermediate frequency. Such a system is commercially available [145].

3cosa - cosy = 1/2 - [cos(z — y) + cos(z + y)]
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11.9.5.9.3 Digital signal processing

The methods discussed above perform the BPM signal conditioning in an analogue manner; for most
cases, it leads to a low bandwidth output, which is then digitized with a slow sampling ADC. Motivated
by the intensive use in telecommunication, the properties of ADCs in terms of sampling rate and voltage
resolution were significantly improved during the last decade; an overview of ADC technologies can be
found in Refs. [146, 147]. Additionally, the digital signal processing capabilities were enhanced. Mod-
ern technologies tend to digitize the signal at an early stage of the signal path and replace the analogue
conditioning with digital signal processing, e.g. performing the narrowband treatment in the digital do-
main. In most cases, the required parallel processing is realized on an FPGA basis (Field Programmable
Gate Array) to ensure fast, real-time response [148]. On this digital basis, versatile treatments can be
implemented without any hardware exchange [149], leading to higher flexibility for the application. An
example is filtering one data set with different bandwidths to match the position and time resolution to
the requirements; such digitalization and processing units are commercially available [143]. A simpli-
fied scheme of a typical electronics board designed for usage at synchrotron light sources is shown in

Fig. I1.9.111. The general functionality is described in the following:

The analogue signal from the BPM electrodes (A to D in the figure) is conditioned by a linear

amplifier with switchable gain adjustments to ensure a constant input level to the ADC.

— Analogue bandpass filtering is performed with a relatively small bandwidth of about 10 MHz at
the acceleration frequency of typically 352 or 500 MHz, as used at most circular synchrotron light

sources.

— The analogue signal, conditioned in the described manner, is digitized with a fast, high resolu-
tion ADC with a typical sampling rate of 200 MS/s and a nominal resolution of 16 bit. The
sampling frequency fsample is locked to the acceleration frequency fac. using the principle of

under-sampling [150] as discussed below.

— A Digital Down Converter DDC demodulates the digital data to a lower frequency range resulting

in a data reduction. The DDC is the corresponding digital device to the analogue mixer [150].

— A digital filter increases the accuracy of the data. They are provided for external readout at the
so-called wideband port with a bandwidth of typically 10 kHz. The difference over sum algorithm
is performed digitally using the data from this port.

— Further filtering, required for precise closed-orbit determination at a rate of typically 100 Hz, is

performed, and the result is provided at the narrowband port.

Due to the digital realization of the filter functions, the parameters can be adapted to the requirements of
FPGA programming. The digital data can be used simultaneously for monitoring and feedback systems.
If a turn-by-turn measurement is demanded, a single bunch is chosen as derived from the revolution
frequency frev of typically 1 MHz to trigger the ADC. The advantage of digital signal processing is the
excellent variability without hardware modification. Using digital filters, the bandwidth and, hence, the
data rate and position resolution can be varied over a wide range and provided for different applications.
There is no significant disadvantage of such systems; however, their versatile usage requires a large

amount of engineering power for FPGA programming and matched data exchange and analysis.
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Fig. I1.9.112: The schematic shows the principle of under-sampling as performed for a BPM signal (left)
filtered at the acceleration frequency (middle). The right plot shows the resulting digital values on an
enlarged time scale. For this example, the acceleration frequency is chosen as f,.. = 100 MHz, and the
sampling frequency is fsample = 4/5 - face = 80 MHz, corresponding to four samples distributed over
five bunches. The periodicity of the digital data is 50 ns corresponding to a bandwidth of 20 MHz for the
reconstructed IF signal.

Principle of undersampling: Fig. 11.9.112 depicts the general functionality of undersampling
[150, 151]: Since a sine wave can be reconstructed from 4 values, a periodicity of the digitized values
is achieved if the sampling frequency fulfils the condition fsample = ﬁ - face Withm = 1,2,3....
The value of n is chosen in such a way that fsample has the closest value below the maximal sampling
rate of the ADC. In time-domain, one can describe under-sampling in a way that a periodic signal is
reconstructed from 4 digital values equally spaced over 4n + 1 periods. The resulting reconstructed
sine-wave is called IF signal for intermediate frequency, according to its analogue counterpart. For the
typical case of a synchrotron light source with an acceleration frequency of fi.c = 500 MHz, the ADC
is sampled at fsample = ﬁ - face = 117.6 MHz corresponding to n = 4. This means that the signal is
mirrored to a band from zero to facc —4 fsample = 32 MHz. This case can be described in the time-domain

such that 4 ADC values are equally distributed over 17 bunches.

11.9.5.9.4 Comparison of BPM electronics

Table 11.9.13 summarizes the advantages and disadvantages of the usual implementation of the discussed
electronics schemes. All electronics methods can be adapted to the requirements in a flexible manner
to compensate the related disadvantages partly. Analogue narrowband processing gives a high accuracy
but cannot be adapted to requirements for bunch-by-bunch evaluation. For slow readout, digital signal
processing delivers the same accuracy. The flexibility without hardware exchange is the key advantage
of this modern scheme, which opens the possibility of versatile usage of position data. The BPM readout
is realized in such a way at all new accelerators. For a proton synchrotron with an acceleration frequency
face < 10 MHz, the BPM signal is amplified on a broadband basis preserving the bunch structure and the
sampling is even performed in the baseband; the position is then calculated by digital signal processing.

The discussed and further methods are reviewed in Refs. [120, 141].

11.9.5.10 Trajectory measurement

The term trajectory describes the position of a single bunch during its transport through the accelerator.

It is the basic information of the initial alignment of the accelerator setting. Because the single bunch
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Table I1.9.13: Simplified comparison between various electronic processing schemes.

Type Usage Precaution Advantage Disadvantage
Broadband p-acc.  facc bunch monitoring resolution limited
(analogue) < 300 MHz  post processing possible by noise
required for fast feedback broadband hardware
Narrowband  all stable beams  high resolution no turn-by-turn
(analogue) > 10 ps low detection threshold complex analogue
electronics
Digital Signal all some bunches very flexible limited time resolution
Processing ADC with high resolution due to under-sampling
~ 200 MS/s  modern technology extensive digital
for future demands hardware
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Fig. 11.9.113: Measurement of the trajectory of a single bunch injected in the LHC with a position
display at the 530 BPMs around the synchrotron, from Ref. [152].

position is monitored, broadband processing for the BPM electronics is used; the reduced position reso-
lution is of minor concern for this measurement. As an example Fig. 11.9.113 depicts the measurement
of the trajectory of a single bunch injected into the LHC at the first days of its commissioning [152].
The position reading at each of the 530 BPM on the 27 km long synchrotron is displayed, showing some
oscillations caused by mismatched injection parameters, which could be aligned later on with the help
of this diagnostics. The same type of measurement can be done at transport lines in case an appropriate
electronics chain is installed. For the transfer between synchrotrons, only a few bunches are transferred,

and a broadband processing chain is applied.

I1.9.5.11 Closed orbit measurement at a synchrotron

In a synchrotron, several BPMs are installed to determine the closed orbit. As a rule of thumb, an
appropriate choice is to have four BPMs per tune value separated approximately by about p ~ 90°
betatron phase advance. The BPMs should be located at positions with a large value of the betatron

function to have a reasonable spatial resolution even for small average beam excursions. The closed
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Fig. 11.9.114: Example of a position measurement done at the GSI synchrotron for a partly misaligned
beam during a 0.6 s long acceleration. The upper left top plot shows the position around the ring at
12 locations at the begin of the ramp; the upper right plot shows the horizontal position during the
acceleration ramp for two BPM locations, the lower right plot the vertical position for these BPMs; the
lower left plot is a signal power o< U% during the ramp for a single BPM. The panel at the top is used for
the control of pre-amplifiers and timing.

orbit is the central beam path along the circular accelerator, taking existing imperfections into account.
The closed orbit might differ from the ideal path, defined by the centre of the quadrupole magnets.
Only for a good alignment, the actual beam behaves as expected from beam optics calculations, e.g. no
beam steering by the quadrupole magnets occurs. An example of position measurement is displayed in
Fig. 11.9.114 during the acceleration in the GSI synchrotron.

The position reading of the BPMs around the ring can be used as the input of a feedback loop
to do an active beam correction, see, e.g. Refs. [153-155]. Such a feedback system is installed in most

synchrotrons, but a description is out of the scope of this lecture.

11.9.5.12 Tune measurement

One essential parameter of a synchrotron is its tune. For synchrotrons operating at high currents, the tune
shift and tune spread is of interest to find a large stable region in the working diagram. BPMs measure
the centre of the bunched beam; hence, the beam must be excited to coherent betatron oscillations. First
we define the betatron frequency fj as

fs=Q fo

as the tune () expressed in relation to the revolution frequency fy. The tune itself is the number of

(I1.9.124)

betatron oscillations per turn. The principle of a tune measurement related to position determination by

BPMs is to excite a coherent transverse betatron oscillation, whose frequency gives the value of the tune.
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Fig. 11.9.115: Schematic of the tune measurement for six subsequent turns determined with one BPM
and the three lowest frequency fits.

The tune value can be split in two parts as Q = Q,, + ¢ with Q),, is the integer part and ¢ fractional
part; most measurement methods determine the fractional part g. The integer number of oscillations
@, cannot be seen, but this is normally of no interest, as it is known from calculations. This behaviour
is schematically shown in Fig. I1.9.115 for the case of a turn-by-turn reading of one BPM: Using the
position reading, a sine function can be fitted through the data, but one cannot distinguish between the
lowest frequency (here ¢ = 0.23) and higher values, leading to the fact that the fractional part is only
uniquely defined for 0 < ¢ < 0.5. To distinguish between a value below or above 0.5, the focusing by
the quadruples (i.e. the tune) can be slightly changed, and the direction of the shift of ¢ can be observed.
The calculation of ¢ is done by a Fourier analysis of the time-domain data.

Most current methods are based on a frequency-domain treatment [156, 157]. Before discussing

this, a more straightforward excitation method is described first, using a time-domain point-of-view.

11.9.5.12.1 The kick method, time-domain method

For this method, coherent betatron oscillations are excited by a fast kick. This kick has to be much
shorter than the revolution time 1/ fy and is provided in most cases by the injection or extraction kicker
installed in the machine anyhow. The strength of the kick has to be chosen sufficiently low to prevent
beam losses. To achieve a reasonable resolution, the BPM should be located at a lattice point with a
large value of the betatron function. The beam position is monitored turn-by-turn (broadband processing
only) and it is stored as a function of time. The Fourier transformation of the displacements gives the

fractional part g of the tune. An example from the GSI synchrotron is shown in Fig. 11.9.116.

To understand the limitation of this method, one has to look at the single particle behaviour. At
the time of the kick, the particles start a free betatron oscillation with the same phase, but each particle
has a slightly different betatron frequency due to the tune spread. Even if the individual oscillations last
for a long time, the coherent motion detected by a BPM is damped as a consequence of the de-coherence
of the individual motion given by the time of the inverse betatron frequency spread, see Fig. 11.9.117.
A description is given in the frame of Landau damping. This damping, as given by the detuning of the
transverse oscillation, limits the observation time and, correspondingly, the precision of the tune deter-
mination by this method. The tune is calculated from the position reading via Fourier transformation: A
limited series of position measurements x1, x2, ..., xy of /N consecutive turns with non-vanishing dis-

placements are taken into account. The distribution function of the tune P(g;) is calculated via discrete
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Fig. 11.9.116: Left: Scheme of the beam excitation and detection of coherent bunch oscillations by a
BPM. Right: Beam oscillations after a kick excitation recorded in time-domain for 200 turns (top) and
its Fourier transformation for ¢ determination (bottom) at the GSI synchrotron.
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Fig. I1.9.117: Plot of the individual trajectories of four particles after a kick (top) and the resulting
coherent sum signal as measured by a BPM (bottom). (The tune spread is much too large for a real
machine.)

Fourier expansion from the displacement reading via [151]

N
1 .
Plai) = + > e I (I1.9.125)
n=1

As given by the properties of Fourier transformations, the discretisation of the obtained peak is generally
related to the number of position samples N by [151, 156]

1

Ag=— . 11.9.12
1= 55 (I1.9.126)

Therefore, the peak in the distribution function P(g;) has at least this width. To achieve an adequate
resolution of typically Aq ~ 1073, at least N = 500 turns of non-vanishing displacements are needed. In
a lot of practical cases, the de-coherence time is shorter than this border, as demonstrated in Fig. 11.9.116.
The described straightforward method is not very precise. However, some improved analysis methods

using digital filters exist to achieve better precision; see, e.g. Ref. [158].

An additional drawback of such a measurement is a blow-up of the transverse emittance of the

stored beam because the excitation of the individual particles are damped much slower than the coherent
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Fig. I1.9.118: Scheme of a beam transfer function (BTF) measurement.

motion, as depicted in Fig. I1.9.117. This method can thus be used for electron synchrotrons, where the
particle’s motions are damped relatively fast by synchrotron radiation (typical time scale of seconds),

and the tune resolution requirement is not more than typically 1073,

11.9.5.12.2 Beam transfer function measurement by a frequency chirp

An RF method for tune determination uses a beam excitation driven by a continuous sine wave stimulus.
This wave is swept slowly, within typically one second over a certain band, and the beam response is
measured in coincidence. The device used in RF engineering for this purpose is a network analyser;
see e.g. Ref. [159]. It provides a frequency scan over a user-given range, amplified and applied to the
beam via an RF exciter. Generally, an exciter is constructed comparable to a BPM but fed with the
external RF-signal to excite the beam to coherent oscillations. The normalised difference signal Ua /Uy,
from the BPM is fed to the input of the network analyser, as shown in Fig 11.9.118. Here the amplitude
and phase relative to the excitation are measured precisely and displayed. The horizontal axis of the
display corresponds to the frequency band for the beam excitation. The displayed spectrum represents
the Beam Transfer Function BTF, which can be defined as the transverse velocity response to the given
transverse kick. Besides the name BTF measurement, this method is sometimes called “beam excitation
by a frequency chirp”. Modern installations use a performant frequency generator associated with a

matched ADC with a recording in time-domain; for the analysis, data are digitally Fourier transformed.

Due to practical reasons, a harmonic of the revolution frequency fy is used for the excitation and
the resulting resonance line is expressed in terms of these harmonics. An example of such a measurement
with an excitation around the h = 25" revolution harmonics is shown in Fig. I1.9.119. The beam reacts
as a driven oscillator with a resonance as given by the tune value. Because only the fractional part can
be measured, this resonance is located at fhjE = (h %+ q) fo on both sides of the revolution frequency and
are called lower and upper sideband. From the distance of the sidebands, the fractional part of the tune

q is determined. The resonance nature of the BTF measurement can also be seen from the phase shift of
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Fig. 11.9.119: BTF measurement at the GSI synchrotron with a 500 MeV/u U3* beam having a revolu-
tion frequency of fo = 1.048 MHz. The wide scan around the h = 25!"-harmonics is shown left, and a

scan around a lower sideband centred at f,; on the right for amplitude and phase. The fractional tune is
q = 0.306 for these data.

180° during resonance crossing, as shown in on the right side of Fig. I1.9.119. An analytic expression for
the BTF can be found in Ref. [160] based on the theory of a driven oscillator including Landau damping.
From the width of a sideband, the tune spread can roughly be estimated as Aq ~ l%{' For a more detailed
evaluation of the sideband-width for beams with low space charge contributions, i.e. for the validity of
linear beam optics, one has to take the longitudinal momentum into account, resulting in a more complex
description of the sideband width (see Eq. 11.9.128) as discussed below.

With this method, a high precision of the tune value ¢ up to 10~* can be reached. Such a measure-
ment might take some time (up to several minutes) because the frequency has to be swept, the response
to one single frequency is measured at a given time. The sweep velocity determines the resolution, i.e.,
a slow sweep yields a better resolution. In addition, the sweep velocity has to be slow enough to allow
the transient beam response to die out and a steady-state response to be attained. The measurement can

also be done using sensitive BPM electronics with an un-bunched beam.

From the width of the sidebands, the chromaticity can be deduced for low current beams, assuming
that the tune spread A is mainly determined by chromaticity £ in connection with momentum spread
% =¢ % and not by space charge effects. (The related formulas are collected in Appendix 11.9.12.)
From the position of the sidebands f}jf = (h £ q) fo and the product rule of the frequency derivative for

the frequency distribution and the tune g one gets
AfiE = Afo(h +q) £ Agfo. (11.9.127)

Inserting the definition of frequency dispersion 1 Eq. 11.9.180 and chromaticity £ Eq. 11.9.182 leads to

A
Afy = n?p - fo (h —q+ §Q> lower sideband
A
AfF = n?p - fo (h +q— iQ) upper sideband. (I1.9.128)

First, one can see that the sideband widths are unequal. Which band is broader, depends on the sign of

the chromaticity £ (in most case negative), on g and the harmonic number. In Fig. 11.9.119 this is not
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Fig. 11.9.120: Left: Measurement of the tune at the GSI synchrotron for an Ar'’* beam accelerated
from 11 to 300 MeV/u within 0.75 s [161]. Displayed is the Fourier transformation of displacements of
successive individual bunches over 4096 turns excited by the depicted noise band during acceleration as
a function of time. The maximum of the Fourier transformation is colour-coded in a linear manner; 6@,
is the variation of the tune value. Right: Single tune spectrum 110 ms after the ramp start averaged over
4096 turns corresponding to ~ 15 ms.

clearly seen due to the large scale, but the height is lower for the left sideband corresponding to a large
width because the integral power is equal for both sidebands. From the width of the sideband, we have a
measurement of the chromaticity without any beam excitation. Of course the other parameters Ap/p, n

(or ~y,) and g have to be measured independently.

11.9.5.12.3 Noise excitation of the beam

Instead of a frequency scan excitation, a wide-band RF signal can be applied. The beam is excited by the
same frequency spectrum as delivered by a network analyser. However, here the excitation takes place
for all frequencies simultaneously, using white noise of adequate bandwidth being wider than the tune
variation. The position reading is done in the time-domain using a fast ADC recording each bunch. The
position data for each bunch are Fourier-analysed, and the spectrum is drawn corresponding to the tune
value. An example is shown in Fig. I1.9.120 from the GSI synchrotron during acceleration [161]. The
resolution for the tune is given by the inverse of the averaging time for one FFT calculation (for the data
in Fig. 11.9.120 in the order of some ms, corresponding to 4096 turns), leading to about AQ ~ 3 - 103
for one single scan. Due to the band excitation a time-resolved observation of the tune is possible during

the entire acceleration ramp.

11.9.5.13 Measurement of lattice functions

The technique of beam excitation can also be used to determine the parameters of the lattice functions
as calculated by the beam optics. In particular, local values of dispersion and S-function as well as the
global quantity chromaticity has been measured with this technique. Knowledge of these parameters
is important during the commissioning of a new machine, the control of mechanical misalignment, and
a check of critical settings, e.g. close to a low-beta insertion. If required, the values of the local lattice

function can be corrected by applying correction magnets inside the synchrotron. Only the basics of these
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Fig. 11.9.121: Scheme of the individual measurements at two BPMs for a phase advance Ay determina-
tion. A sine function can be fitted through the data points.

regularly applied measurements are discussed here; further descriptions can be found in Refs. [154—157].

The dispersion function D(s) at a position s in the synchrotron is defined as

Ap

x(s) = D(s) )

(I1.9.129)
with z(s) being the displacement for a given momentum deviation Ap from the nominal momentum p.
The dispersion function D(s) can be determined at the BPM location s by a slight momentum change
of the beam with the help of a frequency detuning of an accelerating cavity while keeping the setting
of all magnets constant, which leads to a small acceleration or deceleration of all particles. For several
momentum settings Ap, a position measurement x with the BPM is performed. The resulting position
measurements = are then plotted as a function of the momentum deviation Ap/p ; the dispersion D at
the BPM location is the slope of this curve.

Having a turn-by-turn readout of several BPMs, the coherent betatron oscillation of a single bunch

can be monitored. The position reading at a BPM ¢ located at s; for turn number £ is given by

B(si)
B(so0)

i = Ty - cos (2mQk + pi) = Zo - cos (2mQk + u;) (I1.9.130)

with Z; the amplitude at the BPM i, & the amplitude at a reference BPM at s, 3(s;) and B(so) the
[B-functions at these BPMs, () the tune and p; the betatron phase at s; with respect to the reference

location.
The ratio of the S-functions can be determined by a comparison of the amplitudes at these two
B(si) ( T ) ?
== . (I1.9.131)
B(so) To

The accuracy of such a measurement might not be high, because the absolute calibration of the BPM

locations

enters the calculation.

Alternatively, a S-function measurement is based on the determination of the phase advance be-

tween two BPM locations as
Ap = p; — o (11.9.132)

with high accuracy by fitting a sine function to the measured data, as schematically plotted in

Fig. 11.9.121. It leads to another way of S-function measurement, using the betatron phase difference
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Fig. 11.9.122: Result of a betatron phase measurement at LEP. The difference between the measured
phase p(s) and the calculated phase p(s) for the linear optics model is shown for each BPM location
around the interaction point IP, from Ref. [162].

A between the two locations sg and s; as

S; d
Ap = e (11.9.133)
so B(s)

where the measured value Ay is compared to the result using the theoretical S-function for the optical

model of the synchrotron.

In Fig. 11.9.122, such a measurement is shown as recorded at the e*e™ collider LEP previously
in operation at CERN [162]. The difference between the theoretical phase as calculated by the optical
model using MAD code and the measured phase determined from 1024 turns for each BPM is plotted.
The deviation is in the order of 10° with an additional shift related to the strong focusing close to the
interaction point to achieve the luminosity at the collision point of the et and e~ beams. Such deviations
are caused by the magnets’ unavoidable mechanical and electrical misalignments; for the depicted case,
it corresponds to less than 1 % of the nominal quadrupole settings. With the help of the correction
dipoles and separately controllable quadrupoles, the betatron phase advance can be adjusted, and, hence,
the S-function and the related beam size is controlled. Such measurements are of great importance to
control the corrector setting and achieve the nominal beam parameters, particularly at circular colliders
and synchrotron light sources. Advanced measurement techniques and analysis methods for determining

B-functions and further optics parameters are summarised in Refs. [154, 155,163].

The focusing of a quadrupole depends on the particle momentum, resulting in a change of the tune

for different momenta. It is described by the chromaticity £ defined as
& = 5% . (11.9.134)

Q p

This value can be determined directly by a slight momentum change using a detuned RF-frequency,
i.e. the same procedure described above for the dispersion function measurement. The tune is then
measured as discussed above and plotted as a function of the momentum deviation; the value of £ is
given by the slope, as shown in Fig. [1.9.123. A linear behaviour between Ap/p and AQ/Q is only valid
in a small momentum interval (here Ap/p = +0.1%). For larger deviations, non-linear forces from the
synchrotron magnets contribute significantly. Instead of changing the RF-frequency, one can also change
the magnetic field of the main dipole magnets because this type of measurement is based on the detuning

between ideal closed orbit and revolution frequency. The chromaticity can also be determined locally by
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Fig. 11.9.123: Measurement of the chromaticity at LEP. The horizontal tune is determined for different
settings of the acceleration frequency and, therefore, of the momentum of the circulating beam. The
chromaticity is fitted through the linear part of the data [164].

comparing the measured betatron phase advance using Eq. 11.9.130 with the tune () as a fit parameter
(the -function has to be known). These measurements have to be repeated for different Ap. Examples

of measurements and further references are given in Ref. [154].

11.9.6 Measurement of longitudinal parameters

Longitudinal parameters are described comparably as the transverse parameters. The longitudinal phase-

space, as depicted in Fig. 11.9.124, is spanned by two variables:

— The longitudinal spread of the bunch [ is determined in units of length [mm], time [ns] or phase [°
degrees with respect to the accelerating frequency f,¢]. The mean value is the centre of the bunch
relative to f;¢ or relative to the ideal reference particle. The corresponding transverse value is the
transverse beam profile. The quantity has no meaning for a coasting beam, e.g., in a proton storage
ring.

— The momentum spread 6 = Ap/p is the deviation relative to the momentum p of the ideal reference
particle. Instead of the momentum, it is sometimes common for proton LINACs and cyclotrons
to relate the quantity beam energy A FEy;, / Exi, or even only A Ey, is given. The corresponding

transverse value is the beam divergence.

The value of longitudinal emittance €14 18 given by the product of the two above mentioned quantities
1
€long = — [ dldo. (11.9.135)
T™JA

where A is the area of the phase-space occupied by the beam particles, see Fig. 11.9.124. Linear transfor-
mations can be applied similarly to the transverse case; see Section 11.9.4.1. The normalised longitudinal

emittance
v
€long = — Yrel * €long (11.9.136)

is preserved under ideal conditions where v, is the longitudinal velocity and v, is the relativistic Lorentz

factor.
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Fig. 11.9.124: Left: The relation between the accelerating voltage and the longitudinal emittance, as well
as the time distribution of the bunches as measured with the differentiated pick-up signal. Right: The
longitudinal phase-space plot of a Gaussian distribution.

Using BPM electrodes as monitors, the projection of the phase-space distribution on the time axis
is determined, resulting in the bunch position and width. A determination of the emittance by linear
transformation is possible. Some conditions must be fulfilled for a capacitive pick-up to guarantee an
adequate interpretation: Firstly, the bunch has to be much longer in the longitudinal direction than the
BPM electrode. For bunches with a length comparable to the electrode, a second condition is that the
beam must be sufficiently relativistic to ensure that the beam’s electric field is essentially transverse. For
the transverse electric field component /| for a cylindrical symmetry, Lorentz transformation [18] gives

an enhancement in the laboratory frame compared to the rest-frame of moving charge by

EL,lab(tlab) =7 EL,'rest (trest) ) (119137)

see the more detailed discussion in Section I1.9.6.1, in particular concerning the transformation of the
time f,05¢ tO t1ap, Which is important for non-relativistic particle velocities, e.g. at proton LINACs. In
this case, the second condition is not fulfilled, and other methods have to be applied. The signal does
not reflect the longitudinal bunch shape for bunches shorter than the capacitive BPM electrodes. For
electron beams, the bunch length is so short that the bunch structure is smeared out by integration on
the BPM capacitance, i.e. expressed in terms of electrical parameters by the limited bandwidth. Here
the monitoring of synchrotron radiation is used in connection with the fast optical method using streak

cameras.

A measurement of the energy- or momentum spread 6 = Ap/p is not discussed in detail here.

A magnetic spectrometer can be used for this purpose, having a point-to-point focus in connection with
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Fig. 11.9.125: Effect of the advanced longitudinal (left) and transverse (right) electric field at an ob-
servation location & = 30 mm from the beam axis for different velocities of a point-like charge. For
trest = tiap = O the closest approach is reached.

small slits located at appropriate locations. The beam’s momentum distribution leads to an additional
profile width o, = D(s) - Ap/p with the dispersion function D(s) along the transfer line, which can be

determined by a profile measurement. The related optical setup is discussed in textbooks on beam optics,
e.g. Ref. [167].

11.9.6.1 Electric fields of a relativistic charge

Due to the finite velocity of light, the electric field of a moving charge is modified as given by the Lorentz
transformation. Figure 11.9.125 shows the electric field of a single moving charge for different velocities
f3: The longitudinal electrical field £||(t) in the lab-frame has been calculated for a single particle with
a charge of le, travelling in empty space, measured according to the time in the lab-frame, i.e. ¢, = ¢.

It is calculated by the relativistic Lorentz-boost, including the transformation of the time coordinate [18]

to be
e ~vBct

By 1ap(t) = —
4dmeg [R2 n (75025)2} 3/2

(11.9.138)

R is the distance of closest approach and v = (1 -0 2) /2 the relativistic Lorentz factor. The transverse
field component /| in the lab-frame is given by

e YR

E 1ap(t) = .
4meg |:R2 n (’yﬁct)2:| 3/

5 - (I1.9.139)

The above formulas are valid for a free particle and are modified by the boundary condition of the
metallic surface, e.g. of the beam pipe or the BPM electrodes. A beam bunch consist of many particles
distributed within a certain volume; to calculate the accompanying electric field, one has to integrate over
the bunch volume. For non-relativistic velocities, the electric field arrives earlier at the electrodes and
does not reflect the charge distribution of the bunch, see Section 11.9.6.7 for more details.
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Fig. 11.9.126: The LINAC cavity accelerating frequency (top) and the corresponding BPM signal
recorded by a capacitive pick-up (bottom) for the determination of the bunch zero crossing from a 1.4
MeV/u ion beam.

11.9.6.2 Determination of phase position

For the matching of beam parameters at successive LINAC cavities, the correct phase relation between
the accelerating frequency and the bunch arrival has to be determined by beam-based measurements.
Figure 11.9.126 shows a typical measurement for a slow 1.4 MeV/u ion beam recorded by a capacitive
BPM as depicted in Fig. 11.9.93. Due to the differentiated beam signal, the centre of the bunch is well
determined. Due to the different cable lengths, there is an arbitrary but fixed phase shift between the
BPM signal and accelerating frequency f.r. The corresponding transverse quantity is the horizontal or

vertical beam position.

I1.9.6.3 Determination of non-relativistic mean energy

The final beam energy of a LINAC cavity is sensitive to the actual setting of the RF amplitude and
the phase relative to the preceding cavities. Therefore, energy determination is important for beam
transmission optimisation. A measurement can be performed for non-relativistic energies using two BPM
electrodes separated by the distance L and a Time-of-Flight ToF measurement; see, e.g. Refs. [64, 165].
As displayed in Fig. 11.9.127, two BPM electrodes are installed in a straight section with a typical distance
of several meters. This distance L has to be known precisely to an accuracy of typically 1 mm. The bunch
centre-of-mass can be read from the oscilloscope, or the correlation function between the two signals can
be calculated. Figure 11.9.128 depicts a typical measurement. As shown in the schematic, several bunches
are between the BPMs, and an estimate of the velocity is needed to determine the number of bunches for
a unique solution. The beam’s mean velocity is calculated for the measured time Zscope Via
L

e — (I1.9.140)
NT + tscope

with N bunches between the BPMs and the bunch repetition time 7" = 1/ fiy.

The accuracy of such a velocity measurement AS3/[ is given by the uncertainty of the distance
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Fig. 11.9.127: Principle of a ToF measurement using two pick-ups.
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Fig. 11.9.128: Time-of-flight signal from two pick-ups with Fj;, ~ 1.4 MeV/u at the GSI-LINAC. The
frequency is fif = 36.136 MHz < T' = 1/ f;y = 27.673 ns. For the distance L = 1.629 m between
the pick-ups N = 3 bunches are between the pick-ups. Inserting the time difference of tscope = 15.82
ns in Eq. 11.9.140, the velocity 5 = 0.05497(7) and the corresponding beam energy FEi;, = 1.407(3)
MeV/u are calculated. The error is given by Eq. I1.9.141 inserting the uncertainties of Az = 0.1 ns and
AL =1 mm.

Table 11.9.14: The energy resolution for a ToF measurement with a pick-up distance of 3.25 m for
some GSI LINAC modules (GSI-internal LINAC module names are given). The RF-frequency is fr =
36.14 MHz, and the assumed time accuracy is 100 ps.

Physical parameter Units RFQ IH1 IH2 AL4
energy Fyiy [MeV/u] 0.12 075 14 114
velocity 3 % 1.6 40 55 155
total ToF [ns] 677 271 197 70
bunch spacing Sc¢/fry  [cm] 13 33 45 129
resolution AFyi, /Fyin % 0.07 0.10 0.12 0.22

AL and the scope reading At to be

AB (ALY At 2
5= \/(L> + (NTHP> : (IL9.141)

An accuracy better than 0.1 % for the energy spread A Eyiy, / Exin = 2A3/3 can be reached, assuming an

accuracy for the distance of AL = 1 mm and At = 100 ps for the time measurement. Those parameters
used at the GSI-LINAC are summarised in Table 11.9.14. The ToF measurement resolution should be
of the same order as the momentum (or energy) spread of the bunched beam, which for typical cases at
proton LINAC:S is in the order of 0.1 to 0.3 %
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Fig. 11.9.129: Left: The output energy of the GSI-LINAC is depicted as a function of the applied RF-
amplitude inside the cavity for the parameter in Fig. I1.9.128. Right: The phase for the nominal amplitude
is shown. The required energy of this module is 1.400 MeV/u. The distance between the BPMs is
L =1.97 m with N = 4 bunches between subsequent monitors.

The procedure depicted in Fig. I1.9.128 is executed by a time-domain processing with a broadband
analogue electronics chain and a recording by a fast-sampling oscilloscope. Frequency-domain process-
ing is preferred in recent applications as it is more common for today used electronics. One of the
acceleration frequency harmonics is chosen, and digital signal processing methods calculate the phase
of this narrowband processing; it corresponds to the phase of the Fourier transformation at the chosen
frequency for the arrival of the bunch at the BPM locations. The phase difference with respect to the
acceleration frequency’s phase acts as the reference value. Assuming a comparable bunch shape at the
two BPM locations for the ToF measurement, the difference between those two phases can be converted

to a time scale for the velocity calculation.

A LINAC cavity’s final beam energy depends on the accelerating RF amplitude and phase. Fig-
ure 11.9.129 shows a measurement for an ion beam of 1.400 MeV/u nominal energy. This nominal energy
is reached only in a small interval; for the displayed case, the allowed amplitude range is below £2 %,
and the phase should be aligned within +10°. This corresponds to a relatively small range and calls
for a precise beam alignment and substantial accuracy in the ToF measurement, as demonstrated by the
small error bars in Fig. I1.9.129. Matching the nominal beam energy of a LINAC module is an essential
task because the energy acceptance of the following module is typically restricted within several percent,
and a sufficient beam transmission through a chain of LINAC modules is only achieved if all modules
produce the right energy increase. Moreover, the longitudinal emittance depends strongly on the correct

RF amplitude and phase setting.

Even though the ToF method is commonly called energy measurement, it is basically a velocity
determination. This method can not be applied to electron beams because electrons are relativistic after
the first LINAC modules. Acceleration of electrons is more related to an increase in their momentum;
consequently, the energy determination by the bending of a dipole magnet is more appropriate in this
case. Because of the dependence of the bending radius on the particle momentum Ap with respect to
the reference particle of momentum pg, the momentum distribution is transferred to a distribution in the
horizontal plane. This is described by the optical parameter dispersion D(s) as the additional beam offset

is Az(s) = D(s) - Ap/po. However, the resulting profile is a mixture of the transverse and longitudinal
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parameters, and transverse collimation is required at the entrance of the optical system; see the discussion

in textbooks on beam optics, e.g. Ref. [167].

11.9.6.4 Longitudinal emittance from linear transformation

In some cases, the length of the bunches fits the length of the capacitive or stripline electrodes of a BPM
to get reliable information on the bunch structure. The longitudinal emittance can then be determined
from linear transformations, similar to the transverse case described in Sections 11.9.4.4 and 11.9.4.5. The
quadrupole variation corresponds to the change of the longitudinal focusing performed by a buncher;
see Fig. 11.9.130. The phase of a buncher is adjusted to 0°, so no acceleration for the central reference
particle is present. By varying the amplitude, the bunch can be longitudinally focused, i.e. compressed
at the measurement location. The action is described in the longitudinal sub-space (I, § = Ap/p), which
is a part of the entire 6-dimensional phase-space describing both transverse and the longitudinal planes
4. The general transfer matrices R for the transverse and longitudinal phase-space have 6 x 6 elements,
as does the beam matrix o. Disregarding any transverse-longitudinal coupling (e.g. by a dipole magnet),
the longitudinal phase-space corresponds to the “lower right” part of the full 6 x 6 matrices, having
the indices 5 and 6. The reduced 2 x 2 transfer matrix of a buncher Ryuncher 18 given in thin lens

approximation by [99, 166]

1 0
Rbuncher - ( *1/f 1 > 5 (119142)
where the focal length f is given by
1 2mqUo fi
T T 11.9.143
fo Ape? ( )

with the voltage amplitude Uy of the accelerating wav e with frequency f,¢ for a particle of charge ¢ and

mass number A with velocity v and momentum p. The transfer matrix for a drift space of length L is

1 L/~
Rty = ( /e ) , (I1.9.144)

given by

0 1

where 7, is the relativistic Lorentz factor. As for the transverse case, the emittance can be determined by
an amplitude variation Uy of the buncher leading to different longitudinal focusing. A measurement of the
bunch length at location s; has to be performed for at least three settings of the buncher. The beam matrix
o (0) at the buncher location sq has to be determined. For the bunch width [y, (1, fx) = \/m at
location s1, a system of linear equations for ¢;;(0) in the form

R
R

5(f1) - 055(0) + 2Rs5(f1) Rs6(f1) - 056(0) + R2g(f1) - 066(0)  focusing f
5(f2) - 055(0) + 2Rs5(f2) Rss(f2) - 056(0) + R2g(f2) - 066(0)  focusing fo

os5(1, f1)
o55(1, f2)

2
5
2
5

os55(1, fn) = R25(fn) - 055(0) 4+ 2Rs5(fn) Rs6(fn) - 056(0) + Rég(fn) - 066(0) focusing fi,

*The 6-dim phase-space is spanned by the vector Z = (z,z’,y,%’,,5)" and with the help of the 6 x 6 transport matrices R. the
linear behaviour of the accelerator can be described including the coupling between the horizontal, vertical and longitudinal
degree of freedom. For the formula used here, the bunch length [ is given a unit of spatial length in [m] to have the same units
for all three degrees of freedom.

1460



CERN Yellow Reports: Monographs, CERN-2024-003

buncher: @ ¢ = -90° BPM

position sO position sl

phase sp4g

/
\

pick—up signal

phase spdce

O

=Ap/p
=Ap/p

s
L

6

SNl R

time or phase

pick—up voltage

time or phase

Fig. 11.9.130: Scheme for a longitudinal emittance measurement using a buncher and one bunch shape
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Fig. 11.9.131: Measurement of the bunch width (one standard deviation) as a function of the buncher
voltage 31 m upstream. The bunch shape is not measured by a BPM, but a specially designed monitor
for low energetic beams [168].

is obtained for £ = 1, 2...n measurements with f; = fi, fa...f,, different settings of the buncher. This
redundant system of linear equations has to be solved as discussed in Section 11.9.4.4. A measurement
is shown in Fig. I1.9.131. For the method, it is of no importance which instrumentation device is used as
long as it reflects the actual bunch shape of the beam.

Corresponding to the “three grid method”, the bunch width can also be determined from a series
of measurements along a transfer line, see Fig. 11.9.132. As in the transverse case Section 11.9.4.5, we

get a redundant system of linear equations for the transformation R (k) from the buncher to the BPM at
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Fig. I1.9.132: Scheme for a longitudinal emittance measurement using several BPMs in a transfer line.

sy, of the form

055(1) = R§5(1) . 055(0) + 2R55(1)R56(1) . 0'5(5(0) + R%G(l) . 066(0) R(l) 180 — 81
055(2) = R§5(2) . 055(0) + 2R55(2)R56(2) . 0'56(0) + R§6(2) . 0'66(0) R(2) 180 — S92

0'55(77,) = R§5(n) . 0'55(0) + 2R55(n)R56(n) . 056(0) + RgG(n) . 0'66(0) R(n) 180 — Sp,

As discussed for the transverse case, the restrictions are the presence of simple, e.g. Gaussian
phase-space distributions, linear beam manipulations and the lack of non-linear space-charge forces.
Moreover, one has to underline that the above methods are only used at LINACs. In most cases, the
BPM resolution is insufficient, and special detectors are used as discussed in Section 11.9.6.7 for proton

beams and Section 11.9.6.8 for electron beams.

For beams extracted from a synchrotron, the variation of the bunch length within the beam transfer
line is negligible in most cases due to the low momentum spread Ap/p of the circulating beam and the
short flight time 4,45 to the target or a subsequent synchrotron as the increase of the bunch length is
At = Ap/p - tauire- As an example, the following number can be inserted: For a relativistic beam of
velocity f = 0.90 and a distance of L = 100 m from synchrotron to target, the drift time is g =
L/Bc = 370 ns; assuming a momentum spread of Ap/p = 1073 the resulting lengthening of the bunch
is At = Ap/p - tarige = 0.37 ns, which is shorter than the typical bunch length of opypcn > 10 ns in a
proton synchrotron. Therefore, the measurement inside the synchrotron is sufficient, and a fast current
transformer (as discussed in Section I1.9.2.1.1 and depicted in Fig. I11.9.10) mounted in the synchrotron

can be used for monitoring.

11.9.6.5 Longitudinal emittance using tomographic reconstruction

In a proton synchrotron, the bunch length is much longer than the typical BPM electrode or the gap of
a resistive wall current monitor, see Section 11.9.6.6. It allows the recording of an accurate image of
the bunch shape. Observation and control of the longitudinal behaviour at injection, acceleration and

possible bunch manipulations, such as combining or splitting of bunches, can be performed.

An analysis method has been developed at CERN [9] to determine the longitudinal phase-space
distribution and hence the emittance from a measurement of the bunch shape on a turn-by-turn basis. The
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. k.

Fig. 11.9.133: Schematic plots for the tomographic reconstruction technique [9]. The original 2-
dimensional image and the 1-dimensional projections are shown at the left side. A first back projection
is shown top right. The first iteration step for generating the differences in the projected data is plotted
bottom left. After ~ 50 iterations, the original image can be reconstructed.

idea is based on the well-known tomographic reconstruction used as an imaging technique in medicine
for X-ray tomography and nuclear magnetic resonance (NMR) tomography and described in textbooks
on medical physics. The underlying principle of tomography is to combine the information from a
sufficiently large number of projections to unambiguously reconstruct a more complete picture with the
extra dimension reinstated. The application of tomography to longitudinal phase-space in an accelerator
becomes evident once it is realised that a bunch of particles performing synchrotron motion is analogous
to a patient rotating in a stationary body scanner. On each turn around the machine, a longitudinal pick-
up provides a "snapshot" of the bunch projected at a slightly different “angle”, i.e. the oscillation of the
bunch shape as given by the inverse of the synchrotron frequency fqyncn is in nearly all cases much lower
than the revolution frequency frev > fesyncn. It suffices to combine such profiles tomographically to
obtain a two-dimensional picture of phase-space density. Moreover, non-linear emittance growth can be
included [9]. A general, well-fulfilled condition is that the synchrotron frequency is much lower than
the revolution frequency. At least half a synchrotron period has to be recorded, corresponding to a 180°

degree image of the patient body in the medical imaging applications.

The general idea for tomography is based on algebraic reconstruction techniques, described in
textbooks on medical physics, as depicted in Fig. 11.9.133 from Ref. [9]. The contents of the bins of
a 1-dimensional histogram are redistributed over the 2-dimensional array of cells which comprise the
reconstructed image. Assuming no a-priori knowledge of the original two-dimensional distribution, the

contents of one bin are spread over all the cells that could have contributed to that bin. The back-
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Fig. 11.9.134: The recorded bunch shape at the CERN PS using a resistive wall current monitor for
500 turns (left) and the reconstructed longitudinal phase-space. The bucket size is shown in phase-space,
and the projections to the time axis (top) and energy (right) are displayed, from Ref. [10].
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Fig. 11.9.135: Same as Fig. 11.9.134 but for a mismatched bunch. The complex rotation of the bunch
width is seen on the left, and the reconstructed phase space density for one specific time slice on the
right. The filamented distribution rotates to yield varying bunch shapes, from Ref. [10].

projection of all bins of all profiles yields a first approximation to the original distribution. Back projec-
tion of the bin-by-bin difference between the original set of profiles and this new one yields an improved
approximation. Further iterations converge more rapidly if any cell with negative contents is reset to
zero. A more detailed description is found in Ref. [9].

Two examples [10] demonstrate the high analysing power of tomography. The first example,
displayed in Fig. 11.9.134, is a standard, constant bunch shape recorded with a digital scope. The re-
construction of the first time slice shows a good bucket filling. The second example in Fig. 11.9.135 is

related to a particular bunch manipulation. In phase-space (as shown for a small bunch width), the distri-
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Fig. 11.9.136: Schematic of a wall current monitor (left) used for fast bunch observations and its equiva-
lent circuit (right).

bution rotates at the synchrotron frequency, resulting in varying bunch shapes as a function of time. This
compact bunch is created to fulfil the user demands of short bunches for dedicated experiments. The
observation inside the synchrotron has the advantage of observing the entire creation process of bunch

rotation and enabling the correct trigger timing for the extraction of this bunch.

11.9.6.6 Resistive wall current monitor

A large bandwidth for the device itself and the associated electronics is required to observe the bunches
and their structure. With a resistive Wall Current Monitor WCM, a bandwidth up to several GHz can
be reached [169]. The beam always induces an image current flowing along the vacuum pipe, having
the same magnitude and a comparable time structure. To measure this image current, the vacuum pipe is
interrupted by a ceramic gap, as displayed schematically in Fig. 11.9.136. The gap is bridged by typically
n =10 to 100 resistors with a low resistivity of the order of R =10 to 100 {2 leading to a total value of
Riot = R/n ~ 1€ The resistors are azimuthally distributed on a printed circuit board so that the signal
amplitude is independent of the actual beam position. At several locations, the signal is connected to a

coaxial cable, feeding an amplifier. The voltage across the resistors Uy, is given by

Utot = % “Theam - (11.9.145)

The resistors must be carefully shielded against noise from the surroundings as caused, e.g., by
ground currents from the RF-system. The shield also acts as a short circuit for low frequencies. In addi-
tion, ferrite rings are mounted around the vacuum pipe to force the image current through the resistors by
damping the high frequencies penetrating the rings. Using ferrites with a high permeability p resulting in
a large value of inductance L o pu, the lower cut-off frequency fiow = (27r)_1 - Riot /L can be decreased.
Values of about fi, ~ 10 kHz are typical and allow un-differentiated bunch structure observation. The
upper cut-off frequency is given by the capacitance C' of the gap to be fyign = (27)~ - (Rt O) 7L
Several GHz are realisable with a careful design of all RF components. The equivalent circuit is similar
to a passive transformer, as discussed in Section 11.9.2.1.1, leading to comparable electrical properties.
The only exception is that the capacitance for the WCM is given by the ceramic gap, which is larger than

any stray capacitance. The wall current monitor is well suited for broadband bunch shape observations
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Fig. 11.9.137: Photo of the wall current monitor used at Fermilab for protons, from [169]. The ceramic
gap is shown separately. The ferrite rings and the printed circuit with the resistors are visible.

at proton synchrotrons with bunch lengths down to the ns region.

11.9.6.7 Bunch structure for non-relativistic energies

For a beam with non-relativistic velocity, the electric field of a bunch has a significant longitudinal
component, as calculated for Fig. 11.9.125. This longitudinal field seen by the BPM electrode leads
to a signal smearing. The structure of a bunch cannot be monitored with a pick-up, as demonstrated in
Fig. 11.9.138 for a 1.4 MeV/u ion beam corresponding to 5 = 5.5 %. Moreover, the required resolution of
1° in phase, or less than 50 ps in time, corresponds to a bandwidth of more than 10 GHz, which is hardly
achieved by RF technologies. Other methods have to be applied for such a measurement. The result is
essential for the adjustment of the LINAC modules, including bunchers for the injection to subsequent
accelerators, and the comparison of measurements and beam dynamics calculations, e.g. required during
a commissioning phase of a new accelerator. The bunch width and structure enter the numerical codes
in the same manner as the transverse parameters, e.g., for estimating emittance growth by space charge
forces. Moreover, as is shown below, a Gaussian distribution is not a good approximation for the bunch

structure at these low energies. Three different devices are discussed in the following.

11.9.6.7.1 Coaxial Faraday cups for bunch shape observation

Faraday cups, as described in Section 11.9.2.6, are used to monitor the structure of bunches for non-
relativistic protons or ions at LINACs up to an energy of about 100 MeV/u and a bunch length of down
to 100 ps. It is a direct measurement of the beam particle arrival at the metallic surface of the cup. The
electric signal is then guided to a broadband amplifier by a 50 {2 matched transition line. All components
of this electrical chain must have a bandwidth of several GHz for an undistorted image of the bunch
shape, which is not easily achievable. Figure 11.9.139 depicts the schematics of a coaxial Faraday cup:
The beam hits a collector, which is mounted in a rotational symmetric configuration inside an outer
conductor leading to a 50 €2 transmission line. To ensure the large bandwidth of several GHz and prevent
signal reflection, it is necessary to keep a constant ratio of the collector radius . and the outer radius

of the shield rgpie1q. The impedance Z of a coaxial transmission line should be 50 €2 everywhere and is

1466



CERN Yellow Reports: Monographs, CERN-2024-003

10F ——————T T
_d@ OR~R/Y 0.8 |-.Bunch Shape _
E [_q_ds _ ng—Momtor —
— @ 04r - T
Cbeam ) - — c gz[0=027ns .
A . 2 0.0 ——————+—
0 (T I T 1
Rl T 051 /-\ -
2 00 <
e ey AR = 05 a
©
o [ bunch shape £ .1_8 -IFlaslt(Ilulrrtlerflera}nsfolrnlwelr b
. X - e . ~ N
< [ g=5 % & 2 o5k .
[} [ -
ta] R=2 cm P 5g.._—
B[ wa™® em/ tofCapagitive Pickup 7 | | ]
Z | it | -4 -2 0 2 4
: Time [ns]
- g tlmeo|ns\ & ¢ l/ff‘f =9.2ns

Fig. 11.9.138: Left: Time evolution of the transverse electric field as seen by the pick-up is simulated
for a bunch with a cos?-distribution. Right: The comparison of a pick-up and FCT signal to the bunch
structure measured with a BSM (see below) at the GSI LINAC for a beam of 1.4 MeV/u corresponding
to a velocity of 3 = 5.5 %.
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Fig. 11.9.139: Schematic drawing of a 50 €2 Faraday cup. A smooth transition to the SMA connector,
maintaining 50 2 impedance, is used. The grid for minimising the advanced electrical field component
is mounted close to the collector [170].

determined via
7 — 2o 4, Tshield

= (11.9.146)
2 Tcoll

The constant Zj is the “impedance of the vacuum” and is given by Zy = /uo/eo = 377 . If the

impedance is not constant, part of the signal is reflected, leading to a deformation of the beam image °.

5A general measure of the matching quality is the voltage reflection coefficient I of a transmission line, defined by
Uback = I' - Urorward (119147)

with Uforwarda the input voltage and Upack the reflected voltage. Expressed in terms of the transmission line impedance Z; and

the impedance of the load Z> the voltage reflection coefficient I is
_Ze— 74
I+ 7y

(I1.9.148)

There are three extreme cases:
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Most coaxial Faraday cups have a relatively small collector area, comparable with the size of the
transmitting coaxial cable; in Fig. 11.9.139, it is only a few mm [170, 171]. In this case, only the central
part of the beam hits the collector, which is acceptable if no dependence of the bunch shape on the
position exists. However, dispersive optical elements in a transfer line, such as dipole magnets, lead to a
correlation between the transverse and longitudinal phase-space. In this case, it must be ensured that the

effect is small, or a more detailed analysis of the measurements is required.

Due to the creation of secondary particles, Faraday cups can only be used for protons or ions
with energies below about 100 MeV/u. For those non-relativistic velocities of about 8 < 50%, the
advanced electric field, as calculated in Section 11.9.6.1, leads to an induced voltage on the collector
prior to the arriving particles. Therefore, a grid is mounted very close to the collector plate, which acts as
an equi-potential surface shielding the collector. In addition, one has to prevent the escape of secondary
electrons. The secondary electrons are repelled back to the collector by supplying a negative voltage to
the grid in connection to the shielding of the advanced electrical field. Further mechanical designs exist
to improve the matching to a 50 ) cable; the results of different types are compared, and the achievable

time resolution is simulated e.g. in Refs. [172—-174].

11.9.6.7.2 Time structure using secondary electrons

At many low energy proton LINACs, a device for the bunch structure observation referred to as Bunch
Structure Monitor BSM is installed. The principle is based on the observation of secondary electrons
liberated from a single wire intersecting the beam, as shown in Fig. 11.9.140 and reviewed in Refs. [175,
176]. The beam hits a wire, which is typically held on a negative potential of -10 kV. By the related
electric field, the liberated secondary electrons are accelerated toward a thin slit on the side of the vacuum
chamber. Here, they pass a pair of plates, where an RF-field is applied with the same frequency as the
accelerating RF or a higher harmonics. This field deflects the electrons, and the different arrival times are
transformed via varying deflection angles to a difference in space, i.e. this deflector acts as a “time-to-
space converter”. (The same principle is used in a non-resonant way in an analogue oscilloscope.) After
a drift of typically 0.5 m, the electrons are detected with a Faraday cup or a secondary electron multiplier
with a small slit in front. (A secondary electron multiplier is the same as a photomultiplier but without
a photo-cathode.) For a fixed slit position, the phase of the deflecting RF relative to the accelerating
RF is changed electronically to transmit electrons representing different time slots of the beam bunches,
to get a full image of the bunch structure; i.e. the bunch shape is obtained by a scanning method. To
visualise the high temporal resolution of a BSM, Fig. 11.9.138 depicts a measurement using a BSM and

the comparable signals from a current transformer.

The resolution of this device is better than 1° in phase, independent of the frequency of the RF,

— Zs = Z1 = I = 0 the matching is perfect, no signal is reflected.
— Z2 =0 =T = —1 corresponding to a short circuit, the reflected signal has the same amplitude but opposite sign.

— Zs = oo = I' = 1, corresponding to an open circuit, the reflected signal comes back with the same amplitude and
sign.

Another description of the matching is the so-called “Voltage Standing Wave Ratio” which is defined as

VSWR = 22 1+ T

7. - 1-T (11.9.149)

1468



CERN Yellow Reports: Monographs, CERN-2024-003

detector: SEM or FC
bunch shape

rf—deflector
(+ phase shifter)

%

aperture: about 1 mm

wire on HV secondary electron from wire

(0.1 mm, 10 kV

beam

Fig. 11.9.140: Principle of a deflector technique for bunch structure observation by a Bunch Shape Mon-
itor. SEM means secondary electron multiplier.

Fig. 11.9.141: The BSM installed at CERN LINAC 2 [175]. The vacuum feed-through on the left side is
the support for the high-voltage wire. The RF-deflector is installed on the vertical flange, and the detector
is mounted on the right.

up to several hundred MHz. It is known that the emission of secondary electrons is a fast process with
a time difference of less than 10 ps between the hit of the beam particle and the electron emission, i.e.
much faster than the required resolution. The RF deflector is built as a resonator to get an electric field
high enough for typically 100 mrad deflection to have an appropriate separation at the detector ~ 0.5 m
apart. A constant dc-voltage applied to the deflector plates serves as an electrostatic lens to enable
transverse focusing of the secondary electron beam. The HV-wire is movable so that the bunch shape
can be measured for different horizontal locations, and it is possible to do a measurement with a high

current beam by intercepting the beam edge with low power deposition.

11.9.6.8 Bunch structure for relativistic electron beams

The longitudinal diagnostics at electron accelerators are not performed by recording BPM signals, al-

though it would be possible due to the relativistic velocities and, hence, the mainly transverse electric
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Fig. I11.9.142: Principle of a streak camera used for bunch width determination at the electron synchrotron
ESREF, from Ref. [178].
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Fig. 11.9.143: Bunch length measurement with a streak camera, using synchrotron light from individual
bunches emitted by the passage through a dipole at SOLEIL [180]. The horizontal axis scaling is 24 us
full scale for the bunch repetition (slow scan direction), and the vertical axis is 360 ps full scale for the
bunch structure (fast scan direction).

field. However, the bunch length, e.g. at a synchrotron light source, is typically several 10 ps, so even
a BPM electronics bandwidth of several GHz is insufficient to reproduce the detailed bunch structure.
However, the emission of synchrotron light at a dipole or preferably from an insertion device can be used

as a representation for the bunch structure. A review of this technique is given in Ref. [177].

The principle of such a measurement is shown in Fig. 11.9.142. It uses a streak camera as a com-
mercially available device [179], which allows visible light observations with a time resolution down to
typically 1 ps. The synchrotron light is focused and scraped by a pinhole onto the photo-cathode of a
streak camera. The secondary electrons from the photo-cathode are accelerated and pass a fast deflector,
driven by a frequency of 50 to 300 MHz, which are locked to the accelerating frequency for synchro-
nisation. The general scheme is similar to the discussed “time-to-space converter” in Section 11.9.6.7.2.
After a certain drift space, the electrons are amplified by an MCP and converted to photons by a phosphor
screen. With a standard digital camera, the image from the phosphor is recorded. The different arrival
times of the synchrotron light, and, hence, the bunch structure is converted to a difference in space with
a full scale of typically several 100 ps and a resolution in the ps range. A second, perpendicular pair of

plates is driven with a much lower frequency to separate the images from the individual bunches.
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Fig. 11.9.144: Example of a streak camera usage a(tmth)e synchrotron light facility SOLEIL achieved
from measurements like depicted in Fig 11.9.143: For different accelerating voltages, the bunch length is
recorded as a function of the beam current stored in the synchrotron, from Ref. [180].

Fig. 11.9.143 depicted an example of a bunch length measurement performed with synchrotron
radiation from a dipole [180]. The slow scan for separating the individual bunches is displayed on the
horizontal axis. The vertical axis has a full scale of 360 ps, and the bunch width is only o =~ 40 ps,
demonstrating the high resolution of such a system. Synchrotron radiation users need short bunches for
time-resolved spectroscopy. A large voltage is applied to the synchrotron RF cavities to produce and
maintain these short bunches. In Fig. 11.9.144 the bunch width is plotted for different RF voltages. As
displayed, the achievable bunch length depends on the stored electron current. Counteracting the RF
bunching force, non-linear processes such as wake-fields and instabilities increase for higher currents.
Effects such as head-tail oscillations or longitudinal bunch oscillation due to coupled bunch instabilities

can be monitored by performing streak camera measurements, see e.g. Ref. [177].

11.9.6.9 Electro-optical bunch structure at linear light sources

At modern LINAC-based light sources, the process of free-electron lasing depends non-linearly on the
temporal structure of the bunches. A typical bunch width is in the order of 100 fs with a non-Gaussian
bunch structure, and significant shot-to-shot variations might occur. The time resolution of ~ 1 ps

concerning the light observation by the aforementioned streak camera is insufficient.

The technique of electro-optical sampling is suited for a time resolution down to some 10 fs. Elec-
trons at LINAC-based light sources are accelerated to highly relativistic velocities leading to an enlarged
and temporally compressed transverse electric field as described by Eq. 11.9.137 and Section 11.9.6.1.
This electric field is detected by a birefringent crystal mounted typically 5 mm outside of the beam path,
see Fig. 11.9.145 (left). A GaP or ZnTe crystal of thickness less than 100 pm is installed in most cases.
The underlying effect of electro-optical modulation is a change of the index of refraction between two
orthogonal crystal planes depending on the external electric field which leads to a rotation of the po-
larisation of transmitted light [181]; this process is called electro-optical modulation. The rotation of
polarisation, as caused by the time-dependent electric field of the electron bunch, can be probed by a co-
propagating laser which is linear-polarised before the crystal. With the help of a subsequent analysing
polariser, this is transferred to a time-dependent intensity modulation. A short laser pulse of typically

10 fs duration is used for the probing. At most installations, a Titanium-Sapphire (Ti:Sa) laser or Ytter-

1471



11.9.6. Measurement of longitudinal parameters

fs laser ‘ scanning ‘ || H > photo Aq)acc—O
P A

delay diode
SASE

beam pipe EO 26 =110"fs ( )

e~ bunch —I l—
_—— — a3

Coulomb field —

1 0 1 2
time [ps]

Fig. 11.9.145: Left: Electro-optical scanning by a short laser pulse for relativistic electron beams (P:
polariser, A: analyser for the polarisation, EO: electro-optical crystal), courtesy B. Steffen. Right: Single
shot bunch structure measurement (camera image and projection) using EOTD at the LINAC FLASH at
DESY [183].
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Fig. 11.9.146: Birefringent crystal and optics for an electro-optical bunch shape monitor as installed at
the PSI FEL [182].

N
T T, ) T fixed
grating : dela T
i y
T, A= e o Kk
fs laser ﬂ'—“—‘ ‘ optical BBO
stretcher i _stretcher
beam pipe P EO A : beam pipe 4 P EO A
\ -
_ewnen W HE e — W AN __
Coulomb field — /| Coulomb field — }‘\

Fig. 11.9.147: Left: Scheme of the electro-optical spectral decoding EOSD method. Right: Scheme of
the electro-optical temporal decoding EOTD method, courtesy B. Steffen.

bium fibre laser creates the short pulse. In the basic installation, the arrival time between this laser pulse
and the electron bunch is varied by an optical delay (i.e. varying path length of the laser light) to probe
the temporal bunch structure as schematically depicted in Fig. 11.9.145 (left). A photo of the beamline
installation is presented in Fig. 11.9.146. This configuration is a scanning method (the controllable laser
delay is varied each shot and acts as the time axis) and is not suited to monitor shot-to-shot variations of

the electron bunches. Therefore, this method is rarely installed at modern LINAC-based light sources.

To enable single shot observations, the setup is modified by two different methods as shown in
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Fig. 11.9.147. The first method is called Electro-Optical Spectral Decoding EOSD: Generally, a laser
pulse of finite duration is composed by light within a range of wavelengths. An optical stretcher [181]
separates the different wavelengths in time by a colour-dependent optical path length in a dispersive
element such as prisms, providing a correlation between the wavelength and the arrival time at the crys-
tal. The electron bunch field temporally modifies the wavelength-dependent light in the electro-optical
crystal. After passing the analysing polariser, the change in beam-induced polarisation is reflected in a
wavelength-dependent intensity variation. An optical spectrometer transfers this colour modulation to a

spatial profile, which is finally monitored by a camera.

The second method is referred to as Electro-Optical Temporal Decoding EOTD and is based on
two laser beams: The same method of beam-induced modulation is installed. However, the original laser
beam is split before the optical stretching. Both laser beams are combined with an angle inside a non-
linear crystal [181]. (Barium Boron Oxide BBO is often used for this purpose, providing a 2"%-harmonics
generation as often used for frequency doubling of a laser beam.) The modulation detection is performed
by frequency mixing of both laser beams as the non-linear crystal emitting the sum frequency of both
laser beams, i.e. acts as a single-shot correlation measurement. Owing to the non-coaxial propagation
inside the crystal, the light of the sum frequency is emitted from different locations, leading to a spatial
separation of the beam-induced intensity modulation. Finally, a camera can monitor the related image.
A detailed comparison of both methods is described in Ref. [183]. The achievable time resolution of
the EOSD method is better than 50 fs. In contrast, the achievable time resolution by the EOTD method
is about 25 fs. However, EOTD has the disadvantage of a larger laser power requirement related to
frequency mixing. A measurement of a single pulse of 100 fs duration at an FEL facility obtained by the
EOTD method is shown in Fig. 11.9.145 (right).

11.9.7 Beam loss detection

In a real accelerator, the transmission from the source to the target is never 100 %. To achieve optimal
transmission, the fraction of lost beam particles must be controlled carefully. The lost beam particles
cause some activation of the accelerator components by nuclear reactions. Moreover, the surrounding
material can be destroyed by radiation and heating due to the particles’ energy loss. The important nu-
clear physics processes leading to secondary particles are reviewed briefly. To detect the shower of sec-
ondary particle s, a large variety of Beam Loss Monitors BLM exists. Most of them are particle counters,
detecting secondary reaction products. At nearly every high current accelerator facility, these monitors
are installed for the protection of the accelerator components. The relatively cheap BLM instruments
are mounted outside of the vacuum pipe at crucial locations as schematically depicted in Fig. 11.9.148.
Their signals serve as essential information to prevent unwanted loss during the operation, e.g., caused
by malfunctions of components. A careful analysis of the location and time structure of possible losses
has to be performed before the choice of the suitable types of beam loss monitors can be made; see
Refs. [184-187] for a review. Beam loss monitors can be sensitive devices which detect even a tiny
fraction of losses; therefore, they are also used for machine tuning. Two examples are discussed in the

last part of this section.
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Fig. I1.9.148: Schematic drawing of an installation of beam loss monitor outside of the vacuum pipe.

11.9.7.1 Secondary particle production

When a high energy particle hits the vacuum pipe or any other material, secondary particles are generated.

The relevant processes are described e.g. in Refs. [188—190]. Here, only a brief overview is given:

— Interaction of electrons
For electron energies above ~ 100 MeV, Bremsstrahlung dominates the slow-down process in
materials, as shown in Fig. I1.9.21. The created high energy -y photons give rise to further par-
ticles via eTe™ pair production. If the energy of the  photons are high enough, other particles
such as u*, ... can also be produced, and an electro-magnetic shower is generated. Moreover,
the nucleus can be excited to so-called giant resonances: This is a collective nuclear excitation,
where the neutrons oscillate against the protons. The dipole mode of these giant resonances has a
threshold of about 6 MeV for typical materials. The de-excitation proceeds with high probability
via neutron emission as a (7, n) reaction. For higher energies also (v, p) and (-, np) channels are
open.
When the electron is slowed down below ~ 10 MeV, ionisation loss by electronic stopping domi-

nates, resulting in soft X-rays, which are absorbed within a short distance.

— Interaction of protons
Besides electronic stopping, as shown in Fig. 11.9.20, nuclear interactions are possible. First, we
define the term “thick target” as applicable if the interaction length is comparable to the range
given by the electronic stopping. In these thick targets, the probability of a nuclear reaction rises
to nearly 100 % for energies above 1 GeV, see Fig. 11.9.149. Most of the final channels of these
nuclear reactions include neutron emission. As an example, for the stopping of 1 GeV proton in
copper or iron, ~ 10 fast neutrons are liberated. The neutron yield scales approximately with Ey;,
for energies above 1 GeV. In addition, hadron showers (by the strong interaction at the quark level)
are possible, resulting in various species of “elementary” particles.

— Interaction of ions
In addition to the interactions of protons, an ionic projectile can be fragmented, or fission can be
induced, leading to radioactive nuclei and fast proton and neutron emission. Simple scaling laws

do not exist due to the complex nuclear physics involved.

Common to all interactions is the production of radioactive nuclei leading to an activation of the
accelerator components. The surrounding material relatively quickly stops the emitted charged particles.

However, the neutrons produced by most primary interactions can travel long distances. Therefore, some
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Fig. 11.9.149: Left: The ranges of protons in various metals and the probability of an inelastic nuclear
reaction within the range as a function of the proton energy, i.e within a thick target. Right: The total
number of neutrons per proton incident on a thick target for various metals as a function of the proton
energy, from Ref. [189].

of the beam loss monitors are sensitive to these neutrons. Except for the production of radioactive nuclei,
all processes are fast, compared to the timescale of interest in accelerator physics, i.e. faster than ~ 10 ns.
In this sense, a beam loss monitor reacts instantaneously to particle losses. Due to the kinematics of the
primary interaction, the secondary particles are emitted into a forward peaked angular distribution. This

leads to a spatial resolution of the loss detection by the monitor position close to the loss point.

11.9.7.2 Types of beam loss monitors

Beam loss monitors localise the position and time of the lost beam particles. Their signals should be
proportional to the amount of losses at this position. A high sensitivity is needed at locations where
low losses are expected. A high dynamic range is required to deal with a sudden loss of a sizeable
beam fraction. Depending on the application, a bunch-to-bunch resolution for a ~ 10 ns time scale is
needed, as well as up to 100 ms for slow detection. All loss monitors are installed outside the vacuum
pipe, detecting mostly secondary particles. The particles can be neutrons, which are barely absorbed
by the surrounding material, charged particles such as protons, electrons, positrons and muons or -
rays. Figure 11.9.150 shows a photo of some frequently used types as tested at the GSI synchrotron. An
overview of the different BLM types is given in Refs. [185, 187].

I11.9.7.2.1 Plastic scintillators

Plastic scintillators detect charged particles due to their electronic stopping, as discussed in Sec-
tion 11.9.2.9.1. In addition, y-rays are detected, as they liberate electrons from the molecules via photo
effect or Compton scattering; subsequently, those electrons generate than the optical photons via elec-

tronic stopping. Moreover, scintillators are sensitive to neutrons due to their elastic scattering on the
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Fig. 11.9.150: The tested beam loss detectors installed at the extraction from the GSI heavy ion syn-
chrotron [191].

hydrogen atoms of the polymers [17]. Due to the elastic scattering process generated by the relativistic
neutrons, a large momentum transfer to the hydrogen atoms of the macro-molecules is probable, which
leads to a fast proton travelling through the scintillator material and finally generates the light emission

by its electronic stopping.

The generated light is guided to a photo-multiplier, converted to electrons and amplified, see
Fig. 11.9.151 for a typical realisation. The readout of the resulting electronic signal can be performed
by digitising the analogue voltage using a relatively small photo-multiplier gain, or a particle counting
mode can be used for higher sensitivity and larger dynamic range. A typical output for the counting mode
is depicted in Fig. 11.9.151, showing analogue pulses of ~ 10 ns duration. Due to the wide spectrum of
incoming particle species and their related energies, the pulse height distribution is quite broad. (This
should be compared to the narrow pulse height distribution of single energetic particles in Fig 11.9.33.) In
counting mode, the plastic scintillators have an extensive dynamic range, from single particle counting
up to a count rate of 107 s~!. In most cases, the scintillation monitors are located in crucial areas such
injection or extraction area, or close to scrapers. The disadvantage is the low radiation hardness of the
plastic materials due to the complex chemical composition of the polymers from the plastic matrix. A
very rough number of the damage threshold is given by the dose D = 1 Mrad = 10* Gy; around this
value, the light transmission is reduced by a factor 1/e = 0.37. Typical sizes of plastic scintillators
are cylindrical rods of 2 cm diameter and 10 cm length. Sometimes, long fibres of plastic or inorganic

materials are used.

11.9.7.2.2 Liquid scintillator

A scintillator material within a liquid solvent of about 1 litre can also be used used [17]. The device is
sensitive to charged particles, e*, v and neutrons by the same mechanisms discussed for plastic scintil-
lators. A comparable pulse height distribution is observed. The pulse length of the scintillation process
is about 1 order of magnitude longer, and therefore the dynamic range is a factor of 10 lower for the

counting mode. Due to the microscopic light creation, discrimination between ~-rays and neutrons can
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Fig. I1.9.151: Left: Photo of a typical BLM based on a plastic scintillator connected to a photo-multiplier.
Right: Typical pulses from a plastic scintillator (top, 100 mV/div and 20 ns/div) and their pulse height
distribution (bottom, 50 mV/div) as measured at the GSI heavy ion synchrotron.

be performed using selected electronics, referred to as pulse shape discrimination [17]. The liquid is
about a factor of 10 more radiation hard than the plastics due to the simpler chemical composition of the

solvent.

11.9.7.2.3 PIN diode

Solid-state detectors can be used as particle counters. In the typically 100 pm thick depletion layer of the
doped Si-crystal, electron-hole pairs are generated. For a minimum ionising particle (MIP), a charged
proton at the minimum of its electronic stopping power, about 10* electron-hole pairs are generated.
This signal has to be amplified by a charge-sensitive pre-amplifier and can then be counted. As depicted
in Fig. 11.9.152, two face-to-face mounted PIN diodes are operated in coincidence to count only the
charged particles and to suppress the counting of low-energy photons emitted at electron accelerators by
synchrotron radiation. These photons are absorbed in one PIN diode and do not arrive at the second. The
detection efficiency is relatively low due to the small active area of typically 10 x 10 mm? and the 0.1 mm
depletion depth. A device with two PIN diodes, including the amplifier and the counter, is commercially

available [5] and installed at some synchrotron light sources.

11.9.7.2.4 Ionization chamber

Ionisation chambers IC [17] measure the number of secondary charges created in a gas volume; see also
section 11.9.2.9.2. Fig. 11.9.153 shows a round ionisation chamber filled with Ar or Ny gas. Typically,
a sealed glass or metal tube contains ~ 100...1000 cm? of gas between an outer high voltage electrode
and an inner grounded readout electrode [192]. The output current is measured with a sensitive current-
to-voltage or current-to-frequency converter [193]. The IC is not sensitive to neutrons and has a low
detection efficiency for y-rays; mainly charged hadrons and e™ are detectable. By definition, the signal
strength directly yields the absorbed dose in Gy. Because an inert, noble gas such as Ar or diatomic gases
such as Ny or air are used in the detection volume, the device is very radiation hard. The signal strength

is orders of magnitude lower than for detectors in particle counting mode. In Fig. I11.9.153, the scheme

1477



11.9.7. Beam loss detection

¥Y-quant charged
particle "
Al
+ +, '
CNmp| 4T - /e |PINT
coinc. A ’ 0.1mm
J— -
+, -
ot PIN 2
P /P nssi

Fig. I1.9.152: Schematic drawing of a two PIN diodes driven in coincidence and a photo of the device [5].
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Fig. I1.9.153: Schematic drawing of an ionisation chamber as used for beam loss detection.

Table I1.9.15: Basic parameters for the so-called RHIC-type co-axial IC [192] and the planar LHC-type
IC [194] for beam loss measurement.

Parameter Co-axial IC Planar IC

Outer length & diameter [cm] 20 & 6 50&9

Active gas volume [1] 0.11 1.5

Gas type & pressure [bar] Arat1.1 Ny at 1.1

Number of electrodes 2 61

Distance of electrodes [mm] 31.7, co-axial with 5.7
Qinner = 6.3, @outer =38

Voltage [kV] 1 1.5

Reaction time [us] ~ 3 ~ 0.3

Overall dynamic range 106 108

of a co-axial IC is depicted. The IC does not react as fast as scintillators for this geometry because the
gas ions, created by the radiation, need ~ 10 us to reach the electrode. This time constant leads to
a convolution of the primary signal, which for most applications, is acceptable. Therefore, the digital
electronics readout of the IC current is usually not faster than 1 ms. The essential parameters for such an
IC are summarised in Table I1.9.15. A typical installation of a co-axial IC at an accelerator beam line or

synchrotron is depicted in Fig. I11.9.154.

The detection threshold of an IC is proportional to the gas volume. The drift time of the gas ions

and electrons should be shortened to achieve a fast reaction time, even for a large gas volume. It can
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Fig. 11.9.154: Left: Photo of a 15 cm long co-axial ionisation chamber used as a beam loss monitor.
Right: The installation of such an ionisation chamber for beam loss detection in a transport line [192].

Fig. I1.9.155: Photo of the installation of a 50 cm long ionisation chamber comprising 61 parallel plates
at CERN LHC [194].

be realised by a parallel electrode arrangement with alternating biased and readout electrodes. Such an
IC is shown in Fig. I1.9.155 as installed at CERN’s LHC and further facilities. About 4000 BLMs are
installed along the 27 km long LHC, corresponding to an average distance of about 6 m. They serve as
the main detectors for machine protection and can trigger a fast beam abortion. The design of ICs for
LHC and relevant simulations concerning the response to various radiation species are discussed e.g. in
Ref. [194].

A further type of IC is referred to as long, cable-based IC. It comprises an air-filled long co-
axial cable of some cm diameter as regularly used for medium power transmission of RF signals, see
Fig. 11.9.156. Here, the air acts as the ionisation medium, and the cable can be 10 to 100 m long.
The spatial resolution can be achieved by recording the signal’s arrival time at both ends using particle
counting technologies; a typical time resolution of 10 ns corresponds to a spatial resolution of 1.5 m.
This detector is suited for loss location at long transfer lines by using only one single detector with two

readout channels.
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Fig. 11.9.157: Photo of a three plate SEM beam loss monitor [195].

11.9.7.2.5 Secondary Electron Multiplier and Secondary Electron Monitor

An Aluminum Coated Electron Multiplier (ACEM) is an electron-multiplier where the photo-cathode is
replaced by an aluminium surface. Secondary electrons are liberated by the interaction of the radiation
and amplified by the dynodes. It offers a fast rise time and high dynamic range but a sensitivity much

lower than for scintillators.

If the loss rate is very high, the current of secondary electrons from a surface is high enough to be
measured directly. This can be realised by a secondary electron monitor with three plates installed in a
small vacuum vessel [195]. The outer plates are biased by some +100 V, and the secondary electron cur-
rent emitted from the central plate is measured by a trans-impedance amplifier or a current-to-frequency
converter. The inner part of such a monitor is shown in Fig. I1.9.157. Relevant simulations and tests of

the response to different radiation are reported in Ref. [195].

11.9.7.2.6 Cherenkov light detectors

Inside an optical medium, the propagation velocity of light ¢ eqium 1S reduced by the wavelength-
dependent index of refraction n(\) to be ¢pedium = ¢/n(A\) where ¢ is the velocity of light in vacuum.
For typical cases, the index of refraction is constant within the optical wavelength interval used for the
light detection. Cherenkov radiation is created when a charged particle moves with a velocity v faster

than the material-dependent propagation velocity of light, i.e. if the condition
¥ > Crmedium /T (11.9.150)
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Fig. 11.9.158: Left: Scheme of the Cherenkov wavefront for a charge moving with a velocity faster than
the light propagation in the medium. Right: Example of the realisation at the PAL-XFEL [196] with
quartz plates on top and bottom of the beam’s vacuum pipe.

is fulfilled. The broadband light is emitted such that the electro-magnetic fields add up coherently as a
wavefront with an opening angle 6 of

cosf =

(I1.9.151)

v-n
as schematically depicted in Fig. 11.9.158 (left). For mechanical objects, a comparable process is the
wake-field created by the mechanical object moving in water or air faster than the sound-wave propaga-
tion. A noticeable amount of photons is emitted, which depends only on the particle velocity v, index
of wavelength-dependent refraction n(\), and geometrical size of the radiator. The basics of Cherenkov
radiation are discussed in Refs. [16-18]. In several applications, Quartz or fused silica in the shape of
pads or rods are used providing an index of refraction in the order of n ~ 1.5 in the optical wave-
length range. Those materials have a low scintillation yield, typically with an emission band in the near
UV range; optical filters can further suppress the scintillation. Those detectors are insensitive to other
ionising radiations as generated by the synchrotron light or X-ray emission from close-by acceleration
cavities. The light in the optical wavelength range is detected with photo-multipliers. An example of
such an installation is depicted in Fig. 11.9.158 (right) installed close to an undulator mounted directly
on the vacuum chamber of an electron LINAC-based free electron laser [196]. Further recently realised
examples are described in Refs. [197-199] where long optical fibres are installed; the spatial resolution
is achieved by comparing the arrival time of the light signals at both ends of the fibres, converted to a

distance by the known propagation velocity.

The main advantage of Cherenkov-based BLMs is related to the direct detection of the lost elec-
trons, as they are still fast enough to generate Cherenkov light even after passing through the vacuum
chamber. Due to the intrinsic low scintillation yield, other background from ionising radiation is sup-
pressed. A fast observation down to a bunch-by-bunch time scale on the ns level is possible as Cherenkov
light emission is an instantaneous process in contrary to scintillation (typical decay time of fluores-
cence level of >~ 100 ns) and charge collection time of ionisation chambers (typically ~ 1 us). Hence,

Cherenkov BLMs are frequently used at LINAC-based FEL facilities due to the short pulse operation.

11.9.7.2.7 Optical fibre

All discussed devices so far are particle counters. A different scheme uses material modifications by

the absorbed dose, as reviewed in Ref. [200]. Optical fibres, e.g. used in telecommunication, can be
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Fig. 11.9.160: Scheme of a BF3 proportional tube as used for beam loss detection. The proportional tube
is filled with BF3 gas surrounded by polyethylene to moderate the neutrons.

fabricated cheaply at nearly arbitrary length. A fibre installed close to the beam pipe can reach up to
several km length [201]. Due to radiation damage, secondary particles modify this fibre by creating
colour centres. This leads to a change in light transmission of the fibre and a noticeable amount of
reflected light. As used in applications for telecommunication, the quality of fibre is tested by an optical
time domain reflector (OTDR) ; see Fig. I11.9.159: A ~ 1 ns laser pulse is coupled to the fibre and travels
along the fibre. If the fibre’s optical properties are modified due to the radiation, part of the light is
reflected. Its intensity, as well as the arrival time with respect to the input pulse, is measured. Due to
the known velocity of light in the fibre of ~ 0.66¢, the arrival time can be converted to a distance. This
sensor arrangement can achieve a reasonable spatial resolution, and critical loss regions can be identified.
An annealing process can partially repair the fibre, either by time or by heating the fibre to about 150 °C.
Dedicated doping of the fibres makes them sensitive to different beam loss mechanisms. This monitor

has a slow time response of more than 1 s due to the use of the OTDR.

Another method uses optical fibres as a scintillator, where the ionising particles create light during
their passage [200]. With a photo-multiplier at each end of the fibre, the location of the interaction can
be determined by comparing the arrival time. Not only scintillation but also Cherenkov light is detected

as created by a charge travelling fast than the velocity of light inside the medium, see above.

11.9.7.2.8 BF 3 proportional tube

To measure only neutrons, a cylindrical proportional tube (typical diameter 10 mm and length 500 mm)

filled with the gas BF3 can be used [17]. Sometimes this detector is referred to as REM-Counter. For
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thermal neutrons, the reaction '"B+n — "Li + « has a high cross-section (~ 1 kbarn) and is exothermic
with a Q-value (total kinetic energies of Li and o) of 2.3 MeV. Concentric layers of polyethylene surround
the gas-filled tube with an outer diameter of ~ 200 mm. The neutrons from the primary beam interaction
are slowed down by elastic collisions with the hydrogen nuclei of the polyethylene. Special precautions
are taken to achieve a flat detection efficiency as a function of the angle. Frequently these detectors are
used at nuclear power plants for neutrons with an energy of up to 10 MeV, but the thermalisation yield
of the neutrons can be extrapolated at least up to 100 MeV. In the traditional application, the glass tube
is operated as a proportional tube. For this arrangement the count rate is limited to several 10* s~! due
to the time needed for recharging the inner wire of the proportional tube. Instead of the BF3 working gas
comparable types are used, but filled with He, having a comparable cross-section for thermal neutron

absorption by the reaction 3He + n — $H + IH [17].

11.9.7.2.9 Comparison of different beam loss monitors

Several BLM types were tested at the extraction septum magnets of the GSI synchrotron [191]. Fig-
ure 11.9.161 (left) shows a typical example for a O3 beam accelerated from 11.4 MeV/u to 800 MeV/u
and then extracted slowly over 3 s; the maximum number of stored particles was 4 x 10'°. The signal as a
function of time seen in the figure is displayed together with the signal for the synchrotron dc-transformer
(top, arbitrary units) and a reference signal proportional to the extracted current measured at the experi-
ment location (second plot, using a secondary electron monitor in arbitrary units, see Section 11.9.2.9.3).
The general feature is that the signals for the different loss monitors are showing the same time behaviour.
This is not evident a priori due to the different detection mechanisms. This shows the predominant role
of the “prompt” radiation (within a time scale of ms) whatever the type of secondary radiation is. The
signals of all detectors are background-free, showing the minor role of permanent activation compared
to the signals induced during the beam delivery. The choice of a BLM type is, therefore, mainly driven

by the expected count rate.

The linearity of the different detectors can be seen in Fig. 11.9.161 (right) shows the total counts
for one spill as a function of the current detected at the experiment. The count-rate varies considerably:
The plastic scintillator shows the maximum rate, about a factor of 30 more than the BF3-tube, due to the
detection of more categories of secondary particles species. The liquid scintillator shows a lower rate;
the saturation for the highest rate is due to the slow integrating pre-amplifier. The signal strength of the
IC is lower by a factor of 200 compared to the plastic scintillator. The dynamic range is highest for the
plastic scintillator. The PIN diode is not shown here, but the count rate would have been about three

orders of magnitude below the plastic scintillator.

Table I1.9.16 shows a simplified comparison of the discussed BLMs. Based on the physical detec-
tion method, BLMs are sensitive to different types of radiation, and the signal strength varies by several
orders of magnitude. The expected loss rate and secondary particle composition at a given accelerator
facility is one criterium for the choice of a BLM type. Generally, detectors with counting capability (such
as scintillator, PIN-diode, and Cherenkov counter) are more sensitive than integrating detectors (such as
SEM, IC, and optical fibre). Moreover, particle counting offers an extensive dynamic range. However,
the material used for scintillators, PIN-diode and Cherenkov counters might be damaged by ionising

radiation relatively quickly, leading to a signal decrease preventing absolute dose measurements. The

1483



11.9.7. Beam loss detection

© 2000

(o)
o
o

2000
5 1500
1000

Plastic Experiment TRA
o
I~

(o] [\

o o

[eleNe]
—=

Liquid E

o BF3 Tube
o
Il
10

(]
(=]
o

Liq

0 M ‘ ‘\ | } ‘\‘ |

5 h ﬁt )‘ﬁ\ ﬂd—
o g | ol

0

0 10 20 30 40 50
Time (binning 50 ms) [s]

e

9 1010
Particles at Experiment/Spill

Counts Loss Monitors/Spill

Fig. I1.9.161: Left: Typical example from different beam loss monitors for an O+ beam accelerated
from 11 to 800 MeV/u for nine cycles with varying intensities up to 4 x 10'° particles per cycle [191].
Right: Linearity of the loss monitors as a function of the current for the same parameters. The lines are
linear fits.

Table I1.9.16: Simplified comparison of various beam loss monitors.

Physical Detected Signal Times Radiation Main application

property particles strength  response  tolerance

Plastic scint. all ionising rad.  high fast low machine experiments
Liquid scint. all ionising rad.  high fast medium  machine experiments

PIN diode charged part. medium  fast low general purpose

Ionisation chamber  charged part. medium  medium high protection, general purpose
SEM charged part. low medium high protection at high rad. area
Cherenkov counter  primary beam medium  ultra fast  low fast protection

Opt. fibre OTDR all ionising rad.  low very slow medium  loss location determination
BF;3 prop. tube neutrons low slow medium  prot. outside acc. tunnel

radiation hardness for ionisation chambers is much higher due to their simple detection scheme using
inert gases. Moreover, ICs measure the absolute dose, enabling simpler algorithms to determine the frac-
tion of beam loss. The time response for particle loss detection is another issue; particle counters react
faster to shower irradiation than gas detectors. The fastest response is achieved with Cherenkov counters
as they are based on prompt light emission. BF3 proportional tubes are mainly used outside the accel-
eration tunnel to monitor the radiation level outside the radiation-protected area. The radiation damage
determination of optical fibres based on OTDR measurements is mainly used to precisely localise critical
loss locations. More information on signal strength, radiation hardness and applications can be found in
Ref. [185].
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11.9.7.3 Machine protection using beam loss detectors

The most frequent application of beam loss monitors is the protection of the accelerator components.
The high energy stored in the beam can damage the surroundings when the projectiles hit materials. In
particular, the vacuum pipe can be damaged by the temperature rise from the energy deposition of the
particles, leading to a vacuum leakage. Moreover, other materials, such as electrical feed-throughs, the
isolation of the magnet coils, or any electronic devices, can be destroyed due to the modification of the
material by radiation. As discussed in Section I1.9.7.1, the nuclear interaction leads to radioactive nuclei
which have lifetimes of hours or more. Activation of the accelerator components is the result, preventing
the access of persons into the accelerator tunnel, and maintenance is strongly hampered. As a general
rule of thumb, the power dissipation from the beam losses should be below 1 W/m to enable “hands-on

maintenance”’.

Another essential application of beam loss monitors is the quench protection of super-conducting
magnets and cavities. Even a small amount of losses can heat the super-conducting material above the
critical temperature causing a quench, i.e. a transition to normal conductivity. Loss monitors always
control this dangerous situation. They create an interlock: as soon as a critical count rate or dose is
reached, the beam is kicked out of the accelerator immediately. The design criteria of an interlock system
are discussed in Refs. [185, 190, 193]. Last but not least, the reason for low losses is the protection of
the environment and an efficient transfer of particles to the experiment. In the control room of most high
current accelerator facilities, the loss rate at sensitive locations is monitored online to visualise the full

functionality of the machine.

We discuss briefly two categories of losses:

— Irregular or fast losses occur because of a malfunction of an accelerator device, such as the power
supplier of magnets or RF cavities, leading to a beam with wrong parameters and, subsequently,
the loss of part or all beam particles. Moreover, misalignment of the device settings (e.g., the beam
is not centred inside a quadrupole leading to steering, or wrong kinetic energy of the beam by a
wrong RF cavity phase or amplitude) can result in a mismatch of the beam at the following stages
of the accelerator, and part of the beam might be lost. Beam loss monitors localises these losses,

warning the operator or triggering an interlock to stop the beam delivery.

— Regular or slow losses are known losses, e.g., at aperture limits of a collimator system or losses
due to the finite lifetime of the beam in a synchrotron. Most of them are unavoidable, but an
increase in the loss rate shows a malfunction. In addition, beam loss monitors can be used to find

the appropriate parameters, e.g. for an emittance-reducing collimator.

By looking in particular at the first item, it is obvious that a beam loss monitor system should have a
high sensitivity and an extensive dynamic range. The high sensitivity is needed to get a usable signal
when only a tiny fraction of the beam is lost. Using scintillators or PIN diodes, single particle counting
can be performed with a very low detection threshold. Detecting the lost particles directly gives a much
higher sensitivity than looking at the lost fraction of the total signal by a current transformer. The high
dynamic range is mainly needed for the detection of irregular losses because the losses at one location
can sometimes vary by several orders of magnitude, e.g. due to a power failure of a magnet or cavity. The

monitoring has to be operated over several orders of magnitude concerning the signal strength without
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Fig. I1.9.162: Simulation of a secondary particle distribution (hadron shower) due to a proton loss inside
a quadrupole for the LHC and 7 TeV protons [202]. The maximum of the shower is about 1 m from the
loss point.

changing the full-scale range to prevent the signal saturation for large losses. A particle counting mode
delivers this high dynamic for rates ranging from 10 s~! up to 107 s~!. Close to a collimator, scintillators
offer a high dynamic range, which is needed for the sensitive detection of the tails in the transverse
particle distribution. For other regular losses, the required dynamic range can be lower due to the slower
time variation. For the detection of those applications, ionisation chambers are often installed in this

case.

Beam loss monitors are relatively cheap instruments and are installed outside the vacuum pipe, see
Fig. 11.9.150. At most facilities, they are mounted at many locations along the accelerator to have good
spatial coverage. The required time resolution depends very much on the application: For resolving
the properties of individual bunches, fast responding detectors (reaction time less than 100 ns), like
scintillators or PIN diodes, are needed. Ionisation chambers are much slower having, in conjunction
with the connected analogue and digital electronics, only ~ 100 us time response. However, ICs offer

the direct determination of dose and are, therefore, often installed for machine projection systems.

The position of beam loss monitors should be well chosen. For highest sensitivity, the distribution
of the secondary particles should have a maximum at this location. The secondary particle distribution
is calculated using adequate simulation software for particle-matter interaction and secondary particle
tracking. For high energies, the well-known code GEANT4 [203] or FLUKA [204] are used. An example is
shown in Fig. I11.9.162 for the case of the LHC beam. An realistic assumption of the primary particle loss
is needed. A loss of beam particles at a quadrupole is assumed in Fig. 11.9.162. This is the most probable

location because the beam has the largest width here.

11.9.7.4 Beam loss monitoring for alignment

Beam loss monitors have two main advantages, namely their large sensitivity and the fact that these
monitors can be installed at many locations. For the alignment of the beam at critical positions having
small beam pipes, several beam loss monitors can be mounted densely. An example of the slow extraction
region at the GSI synchrotron is shown in Fig. I1.9.163. Here, the septum elements, used to kick the beam,
have small pipe diameters comparable to the actual beam size. If the angle at the input of the septum

magnets is slightly wrong, part of the beam is lost there. Therefore, the angle kick at the first element
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Fig. 11.9.163: Left: Counts per spill from three loss monitor locations and the current at the experiment
as a function of the angle electro-static septum at the GSI synchrotron [191]. Right: The location of the
BLMs and target diagnostics related to the measurement.

(here the electro-static septum) has to be aligned carefully in small steps to find the minimal loss rate.
Using beam loss monitors, the alignment procedure can be executed with higher sensitive input signals

than by monitoring the transmitted current, as demonstrated by the top curve in Fig. 11.9.163.

A stable beam stored inside a synchrotron serves as a second example. Here, the tune needs to
be chosen carefully to avoid tune-resonances resulting in a transverse beam blow-up. The mechanical
alignment and the settings of the various magnets are never in perfect agreement with theory; therefore,
the optimal setting for the beam has to be found experimentally. The beam blow-up can be measured
precisely by using a scraper close to the transverse beam tail inside the vacuum tube. A beam loss
monitor mounted close to this scraper can determine the number of beam particles hitting this scraper.
In Fig. 11.9.164, the loss rate normalised to the circulating current is determined as a function of the
machine tune. The tune is varied by changing the main quadrupoles slightly. At specific settings, the
loss rate increases. A beam-optics aided alignment of all critical elements minimises the beam loss, and
optimal storage is performed [205]. Figure I1.9.165 shows the working diagram for a 2-dimensional tune
scan with the loss rate recorded by a BLM plastic scintillator in counting mode [206]. As a first step, a
scan was performed with a regular beam setting without closing an undulator. As expected, the highest
loss rate is induced at a third-order resonance along the line @, = 6%. Moreover, a high loss occurred in
case the horizontal and vertical tune had the non-integer value of ¢, , = %. The tune values ), = 17.84,
and @, = 6.72 were chosen for regular operation, as indicated in the figure. A second scan was done to
show the additional effect of a closed undulator, and the modification of the loss rate was recorded. In
particular, a high loss rate is visible on a line which couples the horizontal and vertical tune fulfilling the
condition @, + 3@, = 60 as excited by the undulator’s higher-order field components. Since there is a
relationship between the resonant beam excitation and those higher field components as the driving term
of the resonance, such measurement can be used to characterise the undulator’s field components. For
the displayed case, the working point was shifted depending on the undulator setting to avoid this beam

loss.

More advanced experiments can be realised. For example, to get information about the beam
lifetime limitations due to the interaction between the individual beam particles by Coulomb-scattering

(i.e. intra-beam interaction by multiple Coulomb scattering leading to a transverse or longitudinal beam
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Fig. 11.9.165: Loss rate at a plastic scintillator BLM for a two-dimensional tune scan at the BESSY
synchrotron light source [206] without (top) and with (bottom) closed undulator. The horizontal @,
and vertical ), tune is changed; in the case of the closed undulator (bottom), the coupling resonance
fulfilling @, + 3Q, = 60 is excited, leading to strong losses.

enlargement) or Touschek scattering (i.e. transfer of transverse particle momentum to the longitudinal
plane by a single scattering process). A longitudinal increase of Ap/p by Touschek scattering can be
monitored by a scraper located at a dispersive region due to the coupling of x = D - Ap/p, while at

locations with D = 0 only the transverse effect is seen [206].

1488



CERN Yellow Reports: Monographs, CERN-2024-003

11.9.8 Summary

The functionality of various beam instruments is described, and their applicabilities for different beam
parameters are mentioned. For daily accelerator operation, mainly current, position, and, to some extent,
transverse profile measurements are executed. It is advantageous if the monitor is non-invasive for the
beam, such as current transformers and BPMs, to enable a simultaneous measurement at several loca-
tions, archiving of beam parameters, and, if possible, for automated beam alignment by a feedback loop.
We refer to Table I1.9.1 in the introduction for using the individual instruments. Here, a brief summary

is presented.

Current transformers of various types serve as non-invasive instruments but have a lower detection
threshold.

For bunched beams, the transverse centre position can be recorded by BPMs. Due to their prin-
ciple, BPMs are non-invasive but require a minimum beam current for precise position determination.
The subsequent electronics influence the achievable position resolution: the spatial resolution can be
balanced with respect to the observation duration (long-time observation results in an improved position
resolution). BPMs are the most frequently used monitors for beam alignment and serve, in many cases,
as the sensor for a feedback loop. By exciting the beam to coherent oscillations, important synchrotron

parameters, like tune and chromaticity, are determined with BPMs.

Various techniques are applied for profile measurements, with scintillation or OTR screens be-
ing a favoured technique for the regular operation of transfer lines due to their reproduction of the 2-
dimensional distribution. SEM-Grids and wire scanners are also often used due to their robustness and
extensive dynamic range. A non-invasive technique for profile measurements is realized by an IPM for
medium to high-intensity proton beams in transfer lines and synchrotrons. At electron synchrotrons, the

anyhow available synchrotron light is used for transverse and longitudinal diagnostics.

More complex parameters can be determined at transfer lines behind a LINAC or cyclotron, par-
ticularly the transverse and longitudinal emittances. The related measurements are, in many cases, per-
formed by experts during dedicated machine development times, which allow for more sophisticated

instruments and methods. Advanced numerical methods are applied to achieve reliable results.

Bunch length measurement can be performed by recording the temporal structure of synchrotron
light. However, extreme time resolution is required at LINAC-based light sources, which is realized
by electro-optical modulation techniques. Those methods are based on detecting the electro-magnetic
field accompanied by the relativistic charged particle. For non-relativistic velocities, the field is not an

appropriate representation of the particle distribution; hence, a direct detection of the particles is required.

Most accelerator facilities are equipped with a large amount of beam loss monitors to supervise
the correct accelerator functionality permanently and generate an interlock in case of any malfunction to

prevent permanent activation or component destruction.

Last but not least, beam instrumentation and diagnostics should support accelerator development

and operation for scientific and social benefit.
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11.9.9 Appendix A: Frequently used abbreviations

ac
ACCT
ADC
amp
BIF
BLM
BPM
BSM
BTF
BW
CCD
dc
DCCT
CERN
CMOS
DESY
DFT
DTL
DSO
DSP
EOM
EOSD
EOTD
FCT
FEL
FT
FFT
FWHM
Grid
GSI
Harp
HV

IC
ICT
IF
IPM
IR
LHC
LINAC
LO
MCP

MWPC
NWA

alternating current

alternating current current transformer
analogue-digital converter

amplifier (electronic device)

beam induced fluorescence monitor

beam loss monitor

beam position monitor

bunch shape monitor

beam transfer function

bandwidth for electrical devices

charged coupled device for a camera

direct current

direct current current transformer

centre européenne pour la recherche nucléaire
complementary metal oxide semiconductor
deutsches Elektronen Synchrotron

discrete Fourier transformation

drift tube LINAC

digital signal oscilloscope

digital signal processor

electro-optical modulator

electro-optical spectral decoding
electro-optical temporal decoding

fast current transformer, identical to passive transformer
free electron laser

Fourier transformation

fast Fourier transformation

full width half maximum

identical to SEM-grid for profiles
Gesellschaft fiir Schwerionenforschung
identical to SEM-grid for profiles

high voltage above ~ 1 kV

ionization chamber

integrating current transformer

intermediate frequency for a rf-mixer
ionization profile monitor, identical to RGM
infrared light

large hadron collider at CERN

linear accelerator

local oscillator for rf-mixer

micro-channel plate

micro-waves with 1 GHz < f < 100 GI-H92
multi-wire proportional chamber for profile measurement

network analyser
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op-amp operational amplifier (electronic chip device)

OTR optical transition radiation for profiles

PHD pulse height distribution for particle detectors

OTDR optical time-domain reflectometer

PMT photo-multiplier tube

pre-amp first stage amplifier direct behind detector (fully equipped electronic device)
PU pick-up used, e.g. as the detecting device for beam position monitoring
rf radio frequency with 100 kHz < f < 1 GHz

RFQ radio frequency quadrupole LINAC

RGM residual gas (profile) monitor, identical to IPM

SEEM secondary electron emission monitor, identical to SEM

SEM secondary electron (emission) monitor, identical to SEEM

SEM-grid secondary electron emission grid for profiles, identical to harp

SLM synchrotron light monitor, identical to synchrotron radiation monitor
SPA spectrum analyser

SR synchrotron radiation

SRM synchrotron radiation monitor, identical to synchrotron light monitor
TDR time-domain reflectometer or time-domain reflection

ToF time-of-flight

uv ultra-violet light

WCM wall current monitor

I1.9.10 Appendix B: Definition of statistical moments

This appendix complies the definition of the statistical moments of a 2-dimensional distribution as used

for the emittance calculation in Section 11.9.4.

Continuous case:
A 2-dimensional density distribution p(x, 2') € R with independent, real variables x € R and 2’ € R is

)
given. The first moments p = (x) € R and i/ = (2’) € R are called expectation values and are defined

as
[ | z-p(z,2') da'dx [ | 2 p(z,2) dada’
p=(r) = — and ' = (2) = = . (11.9.152)
| [ plz,2') deds’ [ [ p(z,2') deda’

The n'” central moments of a density distribution p(z, z’) is calculated via

| [ (=" p(z,2") da’dx [ [ @ =) pla,2’) deds’
(2™ = = and (2/") = =2
[ [ p(z,2') dedx’ [ [ p(z,2') dedx’
o o (1L9.153)

Using the abbreviation P(x) = [ p(z,2) d2’ and P'(2') = [ p(x,2’) dz as in Fig. 11.9.73 this is
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equivalent to

}O (x—p)" - P(z) dz }O (2! — /)" - P'(2') da
(") = =—— and (2") = (11.9.154)
7f P(z) dx 7f P'(2) dx’

The second moments with n = 2 are called variances. If the variance is positive, its square root is the

standard deviation o, = /(z?) and oy = /(2'?) .

The mixed quantity (zz’) is called covariance and is defined as

[ [(@—p) @ =) plx,2) deda’
(22) = == : (I1.9.155)
| [ p(z,2') dedx’

—00 —00

Discrete case:
A real measurement leads to discrete values of the density distribution p(z;, x;) at discrete steps x; and

x; The first moment is calculated for this case via

Zi,j x; : P(xiyl'})
Zi,j P(%’al‘;’)

Ei,j Z;- P(%’; (L‘;)

w= o= > plxi,xh) and p= )=

(1L.9.156)

The n" central moment of the discrete distribution is

..oy — n. a:i,x'- Zz j x/‘ - /~L/ ! : p($i7x,‘)
2y (@i—p) P/( D (2my = = ( J ) L (M9.157)
Zi,j p($i7xj) g

The covariance is correspondingly

(") =

i (@i—p) (563 - u’) - plwi, )

' (I1.9.158)
Zi,j p(@i, x;)

(') =

I1.9.11 Appendix C: Theorems of Fourier transformation

The Fourier transformation of a time-dependent function f(¢) is widely used to transform it into a
frequency-dependent function f (w). The technical application concerning the time-dependent function
f(t) is called time-domain processing, and its measurement typically uses an oscilloscope. The handling
of the frequency-dependent function f (w) is called frequency-domain processing, and the measurements
typically use a spectrum analyzer. (The physically used frequency f is related to the angular frequency w
via w = 27 f.) The transformation from time-domain to frequency-domain is often executed to discuss
electronic circuits, as the calculation methods might be simpler in one of the domains. The theorems

below are extensively used for the discussion of BPMs in Section I1.9.5.

Firstly, the essential mathematical theorems in terms of continuous functions and infinite time observa-

tion are complied. Secondly, the crucial modifications for the realistic technical case of signal sampling
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with discrete time steps and finite observation time are given.

11.9.11.1 Theorems for continuous functions

Definition of Fourier transformation: Let f(¢) € R be a real, non-periodic and continuous function
of the independent variable ¢ € R which is absolute integrable i.e. the integral [ |f(¢)|dt < oo exists
and is convergent. Then the Fourier transformation f (w) of f(t) is defined as an integral transformation

via

flw) = / f(t) e ™t . (11.9.159)

The Fourier transformation is a complex function f(w) € C of a real variable w € R. In a technical
application the absolute value A(w) = |f(w)| called amplitude or magnitude or the square A2(w) =
| f(w)|? called power is often displayed, as well as the phase tan ¢(w) = Im (f(w)) /Re (f(w)) using
the real and imaginary part of this complex function.

Definition of inverse Fourier transformation: For the frequency-domain function f (w) the time-

domain function f(t) can be calculated via the inverse Fourier transformation

f(t) = % / f(w)-e“tdw . (11.9.160)

which results in the original time-domain function f(t).

No loss of information: As a direct corollary of the definition it can be stated: Starting from a time-
domain function f(¢) and performing the Fourier transformation yielding f (w) and then executing the
inverse Fourier transformation, the original time-domain function f(t) is obtained. In other words: Each
time-domain function f(¢) defines an unique transformation f(w) and vice versa. For the technical
application, this means that a description can either be performed in time- or frequency-domain yielding

equivalent results.

Linearity: Let a,b € R being some real numbers and f, fo € R two Fourier transformable functions

then it is
o

/ [afi(t) + bfa(t)] - e “dt = afi(w) + bfa(w) (IL.9.161)

—0o0
hence, it is a linear transformation.

Time-shift theorem: Let ¢y € R being a real number then it is
oo
/ F(t+to) - e ™tdt = e . f(w) (I1.9.162)
—o

i.e. the amplitude spectrum A(w) = |f(w)] is equal to the un-shifted Fourier transformation while the
phase is modified by the frequency dependent phase factor p(w) = wty with respect to the phase of the
un-shifted function f(w).
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Frequency-shift theorem: Let wy € R being a real number which is used as a harmonic modulation via
et (technically called carrier frequency) of the original function f(t) (technically called signal), then

it is

/ f(t)e ot . em@hat = fw — wp) (11.9.163)

i.e. the original Fourier transformation is shifted by the modulation frequency wg. The effect of the
modulation can be described as a replication of the signal transformation f (w) (technically called base-
band signal as centred around w = 0) to the modulation frequency as centred around w = wp. This
theorem is the basis for the technical application of frequency mixing, e.g. used for narrow-band position
determination by BPMs as described in Section 11.9.5.9.

Law of Similarity: Let a € R being a real, non-zero (a¢ # 0) number then it is
o0
/ f(t/a) e “'dt = |a| - f(aw) (11.9.164)
—0o0

i.e. a scaling law concerning the time or frequency range can be applied. Moreover, it can be stated
that for a scalable time-domain function, the Fourier transformation can easily be given. For example,
consider a Gaussian function as it can be stated as wider the time-domain function is, as narrower is the

frequency-domain function.

Differentiation law: Let f(t) € R be a function and the n'” derivative f(™(t) exists and is Fourier

transformable then it is

/ FO @) et = (i) - F(w) (IL9.165)

i.e. the Fourier transformation of the n'" derivative is given by the product of the of (iw)™ with the

Fourier transformation of the original function. This theorem is used in Eq. 11.9.78.

Parseval Formula: Let f(¢) € R be Fourier transformable and square-integrable then
[e.e] (e}
1 -
/ PPt = - / |F(w) Pl (119.166)
T
—00 —0o0

i.e. there is a simple relation between the integrated time-domain function and the integrated frequency

spectrum.

Law of convolution: The convolution of two absolute integrable functions fi(t), f2(¢) € R is defined

as

f1(8) % falt) = / FuT) - falt —7) dr . (119.167)

The Fourier transformation of a time domain function f(¢) = fi(¢) * f2(t) which is composed by the
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convolution of two functions fi(¢) and fa(t) can be expressed as

[e.e]

Flw) = / ) % fo () ] e dt = fi(w) - folw) (11.9.168)

—00

i.e. the action of a time-domain convolution of two functions can be calculated in frequency-domain by
the multiplication of the individual Fourier transformed functions. This theorem is often used as the
modification of the input signal f;(¢) by a serial electronics chain of action fo(¢) (comprises e.g. of low
and high pass filters) is calculated by the product of the elements’ Fourier transformations; the resulting
product function in frequency-domain is then inverse Fourier transformed to yield the final time-domain
function fi(t) * f2(t). This is widely used for the design of matched filters. Moreover, the theorem
enables the choice to perform the filter calculation either in time-domain by convolution or in frequency-

domain as there is a one-to-one correspondence between the two methods.

Non-Fourier transformable functions: As the function f(¢) must be absolute integrable in terms of an
indefinite integral, it must have the property f(¢t) — 0 for ¢ — oo and ¢ — —oo. Hence, polynomials
(like f(t) = Y_F_ga; - t¥), exponential functions (like f(t) = e') and periodic functions (like f(t) =
sin t) are not Fourier transformable in this mathematical sense. However, the Fourier transformation can
artificially be restored if those functions have non-zero values only within a finite interval [¢min, tmax]
and are zero outside of this interval; the method is referred to as windowing, see Eq. 11.9.169. This is a
realistic assumption as a physical quantity is always measured within a limited time duration starting at
tmin and ending at t,,x. In this case, the frequency spectrum is modified, and the width depends on the

choice of the duration ¢,,.x — tmin.

Windowing by integral kernel: The application of Fourier transformation can be extended by the in-

sertion of a kernel or weight function ¥/ (¢) in the integral transformation as
o0
fw(w) = / W(t) - f(t)- e ™“'dt (11.9.169)
—00

which is called windowing. An example is the action of a rectangular window symmetric around ¢ = 0
with W(t) = 1fort € [—to,to] and W (t) = O fort ¢ [—to, to] as e.g. the case for a measurement within
a limited time duration, see Fig. 11.9.166. This procedure yields a convolution function in frequency-
domain as W(w) = 2 - %Mt“ = 21 - sinc (wtp), referred to as sinc-function sinc (z) = S22, The
central lope of this function has a base width of 27 /ty. For a Fourier transformable function f(t¢) the
multiplication in time-domain by a transformable weight function W (¢) corresponds to a convolution in
frequency-domain

fw(w) = W(w) * f(w) (1L9.170)

as given by the reversal of Eq. 11.9.168.

Application for periodic signals: In the following the frequency spectrum for a train of bunches, e.g.
stored in a synchrotron and depicted in Section I1.9.5.2 is discussed. The train of bunches is represented
by a Fourier transformable time-domain function f(¢). This function can be decomposed into two func-

tions: Firstly, the single bunch function f,(t) defined within one acceleration-period of length ¢, i.e.
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Fig. I1.9.166: The window function W () (see text) and its Fourier transformation W (w) = 2t - S'lf‘u%ot().

for t € [0, t4cc) and being identically zero outside of the acceleration-period fg,(¢) = 0 for t ¢ [0, taec).
Secondly, a periodic function f5(¢) with the periodicity of the acceleration-period as composed of a
train of d-functions as f5(t) = > o2 d(t — n - teee). The train of bunches f(t) can be written as a

convolution of both functions as
ft) = fa(t) /fsb fs(t—1) /fsb §(t—7—n-teee) dr . (IL9.171)

The periodic expression f5(t) is called a Dirac Comb and it can be shown that the Fourier transformation

is a Dirac Comb in frequency domain, i.e.

o0 oo
D dt—n-tae) = fiw)= D 6w—1n-wae) - (11.9.172)
n=—oo n=—oo
This is true even though periodic functions cannot be Fourier transformed, and the mathematical ar-
gumentation uses the concept of Fourier series to approximate periodic functions. Using the law of

convolution Eq. I1.9.168 the frequency spectrum of the entire train of bunches can be written as

0o

> Falw) 0w —n- waee) (11.9.173)
n=—00

This shows that the spectrum is composed of lines at all harmonics of the acceleration frequency with

an envelope related to the Fourier transformation of the single bunch as depicted in Fig. 11.9.89 and

11.9.90. In the case of a finite observation time, the formulas can be extended by a window function

W (t) and W (w) according to Eqn. 11.9.169 and I1.9.170 leading to a finite width of the frequency lines,

e.g. depicted in Fig. 11.9.1009.

11.9.11.2 Theorems for discrete sampling

In many technical applications, a continuous time domain function f(¢) defined in a finite time interval
is digitized at equidistant time steps At. This is an approximation of f(¢) by a finite number of N € N
samples z(0), z(1)...z(N — 1). An example is the digitalization of the voltage from a BPM electrode
by an Analogue Digital Converter ADC to enable the subsequent numerical treatment by digital signal
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processing.

Discrete sampling and discrete Fourier transformation: Let us assume that a signal sequence of N
elements 2(0), z(1)...x(N — 1) is sampled equidistantly at with a frequency fsumple = 1/At. The
Discrete Fourier Transformation DFT is defined in analogy to Eq. 11.9.159 as

N-1
X(m) =) a(n)-e /N (IL.9.174)

n=0

It is common to express time-domain quantities by lowercase letters (here x(n)) and the corresponding
frequency-domain quantities by capital letters (here X (m)). As all samples have finite values z(n) < oo
and the sampling of the NV values is performed during finite duration of IV - At, the restriction of absolute
integrability by the indefinite integral in the mathematical description above is now obsolete. (As an
example, the DTF of a sine-wave recorded during a finite time can now be calculated.) The above
mathematical theorems can be applied correspondingly, more details are described in textbooks on signal
processing e.g. Ref. [151].

Inverse discrete Fourier transformation: The inverse DFT is called IDFT and is defined as

N—-1
1 .
2(n) = + > X(m)- eV (IL.9.175)
m=0

DFT leakage and Nyquist-Shannon theorem: As there are only a finite number of samples /N recorded
with the frequency fgample, the DFT is only given with steps of fana(m) = - fsample i-€. IV equidistantly

spaced frequency samples of A fun, = % * fsample from zero up to half of the sample frequency f35* =

@. Even in the case of a sine-wave recorded with finite time steps and finite duration the central

lope of the frequency spectrum has a finite width, i.e. some of the power from the maximum “leaks”
to the sides of the frequency spectrum. The minimum width (defined as the full width half maximum
FWHM or technically expressed as 3 dB point) of the lope is given by the distance of two samples
Afis = % fsample- 1.€. the frequency resolution scales inversely proportional to the amount of non-zero
samples; this is a consequence of the Nyquist-Shannon sampling theorem. The related resolution limit
was discussed in the frame of tune measurement in Section 11.9.5.12.1. The finite frequency resolution
can also be understood in terms of a continuous function f(¢) and a weight function W (¢t) as discussed

in Eq. I1.9.169 and the convolution in frequency domain given by Eq. 11.9.170.
DFT windowing: The properties of the spectrum can be influenced by weights w(n) to be inserted in

the definition of the DFT in terms of a kernel or window in analogy to Eq. I1.9.169 as

N-1
Xw(m) = Z w(n) - z(n) - e 2mmn/N- (I1.9.176)

n=0

Various types of windows are used as optimized to the required spectral information, see e.g. Ref. [151].

DFT and FFT, zero-padding: The DFT can be calculated for any amount of samples N. The abbrevi-
ation Fast Fourier Transformation FFT refers to a dedicated type of algorithm for the calculation which

requires that the amount of samples is given by N = 2* with k& € N. In this case, the calculation can

1499



11.9.12. Appendix D: Relation between lattice parameters for synchrotrons

be executed much faster than for the general case, see e.g. Ref. [151]. If a real signal is sampled with
N +# 2F samples, additional zero-valued data can be appended to the data stream until the condition for

the new amount of samples N’ = 2% > N is reached; this is called zero-padding.

I1.9.12 Appendix D: Relation between lattice parameters for synchrotrons

For the following description, we recall some basic formulas of accelerator optics in circular machines
as given in textbook on accelerator physics. These relations are important for the discussion of tune,

chromaticity, and lattice function measurements in Section I11.9.5.12 and I11.9.5.13. The relations are:

AC A
o= = a=P  Definition of momentum compaction factor (119.177)
0 Do
1
a = — Momentum compaction factor and ~-transition (I1.9.178)
Yir
Ey = vrmg ¢®>  Definition of transition energy (I1.9.179)
A AT A
—f = —— = —n—p Definition of frequency dispersion or slip factor (I1.9.180)
Jo To Po
1 1
n = —5 — —5 =a— — Frequency dispersion and +-transition (I1.9.181)
f)/tr ’YO 7[)
A A
—Q = ¢ =p Definition of chromaticity (I1.9.182)
Qo Po

1 Z 1
€ R In| - Ury - cos g Synchrotron frequency (I1.9.183)

fa = \/27702 “Amg B2 fo

Qs = é Synchrotron tune. (I1.9.184)

Jo

with Cj circumference of the synchrotron and c the velocity of light. The parameter of the reference

particle with mass Amg and charge Z are: [y velocity, pg momentum, fy revolution frequency, Tj
revolution time, 7y relativistic factor and ()¢ the transverse tune. The particles are bunched by the
accelerating frequency f,.; with amplitude U, and a phase (g concerning the reference particle relative
to the crest of f, ;. A... describes the width of the distribution for the corresponding parameter. The above

parameters are normally used in terms of turn-by-turn quantities or in terms of a many-turn description.

The dispersion D(s) is a lattice function which varies along the synchrotron and describes the transverse

offset x p(s) in dependence on the longitudinal coordinate s as
Ap .. . . .
xp(s) = D(s)—  Definition of dispersion function (I1.9.185)
Po

Dispersion has a local meaning as it is defined along the trajectory s of the reference particle within the

accelerator.
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1.9.13 Exercises for Beam Instrumentation and Diagnostics

1 Calculation of beam currents and further properties

A facility is built of a LINAC and a synchrotron for protons or heavy ions.

1.1 LINAC

The average current is 0.1 mA of protons. The pulsed LINAC has a macro-pulse length of 1 ms and a
macro-pulse period of 20 ms. The acceleration is done with a rf-frequency of 100 MHz. The particles
are distributed 10 % in rf phase around the reference particle in longitudinal direction. The transverse
beam size is 2z = 1 cm assuming a rectangular shape .

Assumption for all parts of this exercise to simplify the calculations: Assume a homogeneous charge
distribution with hard edges i.e. a rectangular shape. The beta-function 3 is constant everywhere and,

hence, the transverse beam size x = /3 - € changes only due to the variation of the emittance .

Calculate the pulse current, the number of particles within one macro-pulse and within one bunch. What
is the particle density at Eyj, = 10 MeV kinetic energy? Compare this density to that of the residual
gas assuming a pressure of p = 10~ mbar = 107° Pa (~ 10~7 torr). Calculate the average distances
between the protons.

Hint: Use the ideal gas theorem p = nkpT, with n particle density, 7' = 300 K temperature and

kg = 1.4 - 10723 J/K the Boltzmann-constant.
Calculate the pulse current, the number of particles within one macro-pulse and within one bunch. What

is the particle density at Eyj, = 10 MeV kinetic energy? Compare this density to that of the residual
gas assuming a pressure of p = 10~7 mbar = 107> Pa (~ 10~ torr). Calculate the average distances
between the protons.

Hint: Use the ideal gas theorem p = nkpT, with n particle density, 7' = 300 K temperature and
kg = 1.4 - 10723 J/K the Boltzmann-constant.

1.2 Synchrotron

With a kinetic energy of 10 MeV the particles are injected into a synchrotron with Lgy, = 220 m cir-
cumference using multi-turn injection of #;,; = 100 ps length and 100 % efficiency. The final kinetic
energy after acceleration is Fi;, = 1 GeV. How many particles are injected, what is the electrical current

at injection and extraction? Give also the revolution frequency.

Due to the multi-turn injection, the horizontal emittance e is enlarged by a factor of 25. Calculate the
density at injection and extraction for a de-bunched beam, assuming the conservation of the normalized
emittance enorm = ~27y€ With vy is the longitudinal velocity and v the Lorentz factor. Compare the
particle density to the residual gas density for a pressure of p = 1070 mbar. What are the average

distances between the protons?

1.3 Extraction
a) Slow extraction: The stored particles are extracted within 10 s. Calculate the current and the mean

distance between the particles in the transfer line. What is their density? Compare its density to the
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residual gas density for a pressure of p = 10~ mbar.

b) Fast extraction: For a transfer to an other synchrotron, all particles are collected within one bunch of
tbunch = 100 ns length. Give the current of this bunch within a transfer line; assume a rectangular bunch
distribution for simplicity.

1.4 Changes for an ion accelerator

Assuming the same accelerator facility as above but for an Uranium beam. The kinetic energies are
adopted by changing the unit from MeV to MeV/u (mass unit u= 938 MeV).

At the ion source U% is generated; at Fy;, = 1 MeV/u the ions are stripped to U2®*; additionally, at
Fyin = 10 MeV/u the ions are stripped to U7°T and after extraction at Ey;,, = 1 GeV/u to the bare nuclei

UY2+, For the LINAC the electrical current (in units of Ampere) stay the same as for protons.

What are the differences?

2 Methods of current measurements at proton accelerators

(from previous examination)

For the below-mentioned proton accelerators and beam parameters, an appropriate method for current
measurement should be chosen; give the main argument for your choice:

a) Behind the ion source with an energy of 100 keV, a beam current of 100 mA and a pulse duration of
1 ms.

b) Behind the ion source with the same parameter as under a) but a current of 10 nA.

¢) Behind a proton LINAC with an energy of 100 MeV, a beam current of 100 mA and a pulse duration
of 1 ms.

d) The permanent monitoring during the 1 s long acceleration within a synchrotron from an energy of
100 MeV to 1 GeV and a current of the circulating beam of about 100 mA.

e) The circulating current within a synchrotron after acceleration and de-bunching (i.e. a continues cur-
rent)

f) In a transport line behind a synchrotron where 10'? protons are extracted within 1 js.

g) The same parameters as under f) but with a duration of 10 s using “slow extraction” mode.

3 Transformer for a pulsed LINAC

A macro-pulse of 1 ms length has to be measured by a current transformer with an allowed droop of 3
% and a upper cut-off frequency of fyizn, = 100 kHz. (Why is this bandwidth needed?) The core has the
size: inner radius r; = 30 mm and outer radius r, = 60 mm and length in beam direction of 4 cm. The
permeability of the torus is y, = 10° and pg = 47 - 10~7 Vs/Am. Calculate the droop time 7Tgro0p and

the corresponding lower cut-off frequency fioy-

Passive transformer: The load resistor of a passive transformer is R = 1 k{2, having a temperature of
300 K. The loss resistivity is Ry, = 10 €.

Calculate the required number of windings for the given droop, the sensitivity (meaning the current-to-
voltage conversion [V/A], also called trans-impedance) and the detection threshold for a signal-to-noise
of S/N = 1 for pure thermal contributions. Use the thermal noise voltage Ueg = +/4kgT RAf with
Boltzmann-constant kg = 1.4 - 10723 J/K, temperature 7' = 300 K and bandwidth A f = fiigh — fiow-

1511



11.9.13. Exercises for Beam Instrumentation and Diagnostics

What is the corresponding minimal detectable beam current?

Active transformer: Calculate for the same properties of an active transformer of the same size with an
open-loop gain of A = 106, a feedback resistor Ry = 1 M2 and the same loss resistivity Ry, = 10 .

Fast passive transformer: Passive transformers are normally used for short bunch measurements as
transferred between synchrotrons. They have a load resistor of R = 50 €2 for smooth signal transmission.
For an allowed droop of 3 % per us and a bandwidth of 100 MHz calculate the same properties as above.
Because the permeability is frequency dependent p, o< 1/f for f > 100 kHz, take an average value of
e~ 103,

4 Slow extraction current measurement

Assuming the stored number of particles from exercise 1 at a kinetic energy of 1 GeV/u and 1 s extraction
time for proton (1.25 - 10'? stored) and Uranium (1.8 - 10!V stored) case. A current measurement is done
with a 0.5 cm long ionization chamber, filled with Argon at atmospheric pressure. The energy loss of

protons is

o _ o go144 MV
pdx mg/cm

-

The scaling for heavy ions in this energy range is dE/dx o Z2. For Argon, the W-value is 26.3
eV, and the mass is 40 amu. (Avogadro-number Ny = 6.0 - 1023 mol~! and volume of 1 mol gas is
Vol = 22.41.)

Calculate the secondary currents for both ions. (The nuclear charge of Uranium is Z = 92 and mass
A =238)

Calculate the secondary current using a secondary electron monitor (SEM) with the energy loss in alu-

minium for protons of

dE MeV
P 0.00177——
pdx mg/cm

2

and the secondary electron yield Y = 27.4 ¢~/(MeV/mg/cm?). What is the secondary current for the

proton beam? What is the secondary current for the Uranium beam using the scaling dE /dx o« Z2?

5 Beam power at a LINAC

Calculate the absorbed power for a beam delivered by a LINAC with proton or Uranium 233U?8+ at
Fiin = 10 MeV/u stopped in a water cooled Faraday cup. The electrical macro-pulse current for both
ions iS Iacro = 2 mA, and the pulse duration is tmacro = 1 ms with a repetition rate of 50 Hz. What
is the average power? What is the required flow of cooling water for a maximal increase of the water
temperature of 60 °C. The specific heat of water is ¢ = 1 cal/gK = 4.2 J/gK.

What is the peak power?

6 Material destruction for intense beams

A beam of 1 MeV/u Uranium 238U*+ with a macro-pulse current of Iacro = 10 mA and duration
of tmacro = 200 us is stopped on a copper plate e.g., inside a Faraday Cup. The penetration depth is
Rcy = 9.5 pm. Assume a round beam of radius r with a constant beam density. Estimate the minimal

possible beam spot to avoid melting of the stopper material. The required constants for copper are given
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Fig. I1.9.167: Simplified scheme of a flying wire measurement in a synchrotron.

in Table 11.9.17.

What does change if such a beam hits a tungsten surface of a high-power Faraday cup? The range in

tungsten is Rw = 7.4 pm; for further material constants see Table 11.9.17.

What does change if the beam hit the vacuum pipe made of iron? The range in iron is Rpe = 9.7 pum;

other material constants are given in Table 11.9.17.
Having a beam of radius rcam = 5 mm. What is the maximum allowed pulse length to avoid melting?
What is a rough scaling for the minimal radius as a function of beam energy?

Calculate the same properties for a 1 MeV proton beam. The ranges are Rc, = 6.7 um in copper,

Rw = 5.38 um in tungsten, and R, = 6.4 pum i iron.

Range Rynat density p | melting Ti,e1¢ | sp. heat ¢ | melt. heat a,ei¢
Copper Cu 9.5 um | 8.96 g/lcm? 1083 °C | 0.44 J/gK 210J/g
Tungsten W 7.4 ym | 19.25 g/cm? 3380 °C | 0.13 J/gK 192 J/g
Iron Fe 9.7 um | 7.87 glem3 1535°C | 0.451J/gK 2751/g

Table I1.9.17: Ranges of the ions and material constants required for the calculations: Range R for 1
MeV/u Uranium, density p, melting temperature 7}, specific heat c and melting heat aej;.

7 Transverse profile by flying wire scanner

In a synchrotron, a beam of protons or Uranium at an energy of Fi;, = 1 GeV/u is stored. A thin wire
is scanned through the beam to monitor the transverse profile. The beam diameter is @ 10 mm and the
revolution time is t.., = 1.0 us. The wire is made of Graphite with 50 x 50 pm cross section and scanned
with a velocity of v = 10 m/s. The setup is schematically depicted in Fig. 11.9.167.

The energy loss in Graphite of protons is dE /dx = 4.29 MeV/cm and for Uranium of mass 238 amu is
dE/dz = 35640 MeV/cm.

The number of stored particles are for protons Ngtored = 10'2 and for Uranium Ngpeq = 10°.
Assumption to simplify the calculation: The beam and wire have a rectangular cross section, and the
particles doesn’t execute betatron oscillations.

Calculate the energy loss per passage of the ion through the wire and the calculate the ratio with respect
to the ion’s kinetic energy.

Calculate the average number of the ion’s passages through the wire.

Hint: Calculate first the time it takes for the wire passage to pass a length of 50 um (i.e. the wire
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thickness)! What is the total energy loss for an individual ion after these passages? Do you think, the
particles can be used for further acceleration inside the synchrotron?

What is the total thermal energy absorbed by the wire? Does the wire withstand the energy deposition
without melting assuming a maximal power rating of 1 W/mm?

What happens, if not fully stripped Uranium is stored?

8 Signal estimation for an ionization profile monitor

8.1 LINAC

The transverse profile of a LINAC beam of I = 1 mA Ar'?* and pulse length ¢,,4c00 = 1 ms at energy
Eyin = 1.4 MeV/u should be measured with an ionization profile monitor. The length of the collecting
strips are [ = 100 mm. The residual gas contain 90 % N5 and 10 % H, at a pressure of p = 10~ mbar.
Give the resulting voltage after a current-to-voltage converter using a trans-impedance amplifier with a
conversion of Zians = 108 V/A = 0.1 V/nA (referred to as trans-impedance).

Assumption: Take a rectangular beam cross section and assume that 10 % of the beam is covered by one
strip.

The needed quantities are: Density at normal pressure for Hy is pyy = 0.09 - 1073 g/cm? and for Ny it is
px = 1.25 - 1073 g/cm?®. The energy loss for Hy is

dFy/pdr = 66 MeV/(mg/cm?) and for Ny it is dEx/pdz = 22 MeV/(mg/cm?). As a first approxima-

tion, assume that the average energy for the production of one e~ -ion pair is 36 eV.

8.2 Synchrotron
Assume, that the beam is injected to a synchrotron with 10 fold multi-turn efficiency with respect to the
current. The residual gas contains now only Hy and has a pressure of p = 107 mbar. Calculate the

current per strip for this case measured within ¢,eas = 1 ms.

How one can get a higher secondary current without changing the vacuum pressure?

9 Signal estimation for broad-band BPM

The beam position in a proton synchrotron has to be measured by a linear-cut type BPM. The pick-up
electrode has a length of [ = 20 cm, a distance from the beam centre to the plates is @ = 10 cm and a
total capacity of C' = 100 pF, as used for the calculation of Fig. 5.3 and 5.4 in the lecture notes. The
beam has a velocity of 5 = 50 % and a bunch length of o = 100 ns. For the position read-out, assume
a linear response Ua /Uy, = x/a as a function of displacement 2. Calculate the transfer impedance Z;
of a half-cylindrical plate using a 1 M{2 termination. Give the sum voltage for a peak value of the beam
current of Ipea, = 1 A. What is the difference voltage for a x = 1 mm displacement in this case? What
are the corresponding values for Us; and Ua for a 50 €2 termination assuming Z;(50Q2) = Z;(1M€Q) /20,
corresponding to a frequency of 1 MHz as shown in Fig. 5.3?

Remark: In principle, for the transfer impedance, the Fourier-transformation is required (Why?). For

a Gaussian function in time with standard deviation o the Fourier-transformation is a half-Gaussian

function (for positive frequencies centred at f = 0) having a standard deviation oy = Tma

What is the thermal noise at the R = 50 €2 and R = 1 M) amplifier input-impedance for a bandwidth
of Af = 100 MHz? Use the thermal noise voltage Ueg = +/4kgT RA f with the temperature T' =
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movable feedthrough

vacuum pipe

Fig. I1.9.168: Scheme of a profile measurement at a synchrotron using a scraper.

300 K and Boltzmann-constant kg = 1.4 - 10723 J/K. What is the minimal beam current for x = 1 mm
displacement for a signal-to-noise ratio S/N = 2 using only this thermal noise? (For a real amplifier,

the noise contribution is at least a factor 2 bigger.)

For longer bunches, the transfer impedance has a scaling Z; o w for the 50 Q2 termination. At which

bunch length the position sensitivity of the 1 M2 and the 50 €2 terminations are equal?

How can the position sensitivity be improved, and what is the main reason?

10 Profile measurement with a scraper

(from previous examination)

Inside a synchrotron the transverse beam profile is measured sometimes destructively using a scraper. It
consist of a plate moved in the beam path, see Fig. 11.9.168. For the profile determination the scraped
position is drawn on the horizontal axis, i.e. its position is the independent variable. The time needed
to pass the beam is orders of magnitude longer (typically 1 s) than the revolution time. During the

measurement no refilling of the synchrotron occurs.

Discuss this method:

a) What is the primary beam quantity to be measured?

b) Propose a method to determine this quantity directly or indirectly and give the reason for your choice.
¢) How is the beam profile generated from the measured primary signal and the scraper position? Make a
principle drawing for the position dependence of the primary signal versus the position and the deduced
profile.

d) Why it makes only sense to go up to the middle of the beam?

e) This method can also be used at a LINAC. What is the change of the primary signal as a function of

the scraper position? What one has to do for getting the full transverse profile?

11 Beam energy measurement by time-of-flight

(from previous examination)

At a proton LINAC, the coarse final energy is known between 5 MeV and 10 MeV. The accelerator is
operated with an rf-frequency of fac.c = 100 MHz. The distance of the two BPMs used for the time-of-
flight measurement is 4 m.

a) To what limits one has to know the energy to get an unique solution?

b) A third pick-up should be installed for the coarse energy determination. What is the maximal distance
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to achieve a unique solution?

12 Beam diagnostics design for a proton facility
The task for the group work is the design of beam diagnostics for a proton facility built of a LINAC, a
booster-synchrotron and a high energy synchrotron as depicted in Fig. 11.9.169. The facility is outlined

below, giving only the very basic parameters.

It is a realistic task to ask for actual facts and numbers required for an adequate layout of the beam

instrumentation and diagnostics methods.

The basic parameters for the facility are:

1. The proton source is located on a high voltage platform with U = 100 kV, i.e. the protons’ energy is
FEyin = 100 keV. The maximal current is I = 50 mA, but also lower currents down to I = 100 nA

are sometimes needed for the commissioning of the facility.

2. A low energy LINAC (e.g. RFQ) is used for the acceleration to Fy;, = 3 MeV. It is driven in a
pulsed mode with maximal pulse length of ¢, = 1 ms and fie, = 1 Hz repetition rate. The
accelerating frequency is facc = 300 MHz. The transverse beam size is in the order of o = 0.5 cm
(one standard deviation). The bunch length is o e, = 10° of the acceleration frequency (one

standard deviation).

3. In the second part of the LINAC the particles are accelerated to Fy;, = 100 MeV. The transverse
beam size is in the order of 0 = 0.3 cm; the bunch length is opyncn = 10° of the acceleration

frequency (one standard deviation).

4. The FEy;;, = 100 MeV proton beam is injected in a synchrotron of [ = 200 m circumference
which delivers a maximal final kinetic energy of Ej;, = 1 GeV. A time of .yce = 1 s is needed
for acceleration from 100 MeV to 1 GeV. The acceleration frequency is in between 2.57 MHz <
face < 5.25 MHz resulting in 4 circulating bunches. The beam velocity at injection is v/c = 43 %
and at extraction it is v/c = 87 % which corresponds to a time for one revolution from t,e, =
1.6 ps to trey = 0.76 ps. The bunch length is opunen, = 20° of the acceleration frequency (one
standard deviation). The beam size varies from injection to extraction from o = 0.5 to 0.3 cm.
The horizontal and vertical tunes are (), = 4.28 and @), = 3.22, respectively. At maximum 1012

protons can be stored in this synchrotron.

5. The beam is extracted towards the High Energy Beam Transport HEBT line of 300 m length.
Three different target location are foreseen to be delivered with beam, either by slow extraction
within 1 s or by single-turn extraction within 0.76 ys to a fixed target as well as a transfer to a 2"¢
synchrotron.

6. The beam can be injected to a second synchrotron of 2200 m length for further acceleration from
1 GeV to 100 GeV. The protons from the 1°¢ synchrotron are injected by a so called “bunch-to-
bucket” transfer i.e. 10 successive fillings are used to accumulate 10" protons in the 2"? syn-
chrotron before acceleration is started. The acceleration takes fcycle = 1 s and then the beam is
extracted to a target. The resulting bunch length is opuncn = 20 of the acceleration frequency

(one standard deviation). The tunes are (), = 20.28 and @, = 18.22, respectively.

1516



CERN Yellow Reports: Monographs, CERN-2024-003

proton source on U = 100 kV experiment

Lnax=50mA, 1,;,=0.1pA E;,= 100 MeV
E= 3 MeV
transverse: c=3mm
RFQ-LINAC DTL-LINAC

bunch length:
focc=300 MHz

touse=1ms, repetitions 1s Gpunch = 100 of rf

transverse size: 5=5mm  experiment: experiment:
bunch length: fast extraction slow extraction 15t synchrotron
Opunch = 10% of rf 4 bunches within 1s extraction =200 m

0.7 us E; = 100 MeV, E,,= 1 GeV

0.76 ps< t,,,<1.6 us

Imax = 1012 protons
2.57MHz< f,,.<5.25MHz <> 4 bun
Tune: Q, =4.28,Q, =3.28
Bunch length: o, = 20° of 1§

transfer from 1%t synchrotron:
10 x 4 bunches within 0.7 ps

2" synchrotron
I=2200 m

E,= 1GeV, Ep,, = 100 GeV
73ps< t,, <84ps

l,0x = 1013 protons

5.25 MHz < f,., < 6.00 MHz
(Complete filling 40 bunches)

*Px

length 300 m

Tune: Q, = 20.28, Q, = 18.28
Bunch length: o, = 20° of rf
trans. size: 6, =3...1 mm

Fig. 11.9.169: The simplified facility for beam diagnostics design.

13 Beam diagnostics design for a LINAC FEL facility

The task for this group work is to discuss the beam instrumentation for an electron LINAC, which is used
as a light source of coherent X-rays referred to as Free Electron Laser depicted in Fig. 11.9.170. The light
is generated in a long undulator, and the coherence is based on the SASE process; SASE stands for Self
Amplified Spontaneous Emission. The simplified facility is oriented on the SwissFEL at Paul Scherrer
Institute (PSI) in Switzerland.

Tow modes of operation should be assumed:

1. Single-bunch operation where only one bunch is generated

2. Bunch train of 100 bunches separated 50 ns.
The related pulse structure is generated by the pulsing of the laser beam, which illuminates the photo-
cathode. The charge per bunch is Qpunch = 100 pC. The repetition rate is 100 Hz.

The simplified facility comprises:
1. The electron source, the so-called rf-gun, is equipped with a photo-cathode illuminated by a short,

intensive laser beam. The photo-cathode is installed an rf-cavity operated with f,.. = 1 GHz. The

kinetic energy of the electrons out of the rf-gun is Ey;, = 7 MeV.
2. After a drift for transverse focusing, longitudinal matching, and beam diagnostics, the beam is

injected into a first LINAC. The LINAC is operated with a frequency of f,.. = 1 GHz. The final
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photo electron source

Mode 1: Singh-bunch
Mode 2: 100 bunches, 50 ns spacing

ithin rf- . =
;wt— T Jlaser Charge per bunch: Qyune = 100 pC beam dump
acc 15t bunch compressor 2" bunch compressor
st st
15t LINAC /  \_]unac |/ undulator
T facc= 1 GHz T T facc= 3 GHz T T
Eii= 7 MeV Eiin=0.5GeV || Opyans =100 um || Eyjy=5GeV || Gpypps =10 um || SASE:
Oirans = 100 um Oirans = 100 um || Ojppy =1 ps Otrans = 10 um Olong = 100 s X-ray 4 =1nm
Olong = 100 ps Olong = 100 ps Olong = 10 ps
Qbunch =100 pC

Fig. 11.9.170: Simplified electron LINAC FEL facility for beam diagnostics design.

energy is Fii, = 500 MeV. The typical transverse beam size is oans = 100 pm, and the bunch

length is o1, = 100 ps.

variation of path lengths for electrons with different energies such that the electrons reach the

A first bunch compressor shorten the bunch to ojone = 1 ps. (The bunch compressor uses the

input of the subsequent LINAC with a compressed time spread, i.e. a short bunch length.)

beam size Tyrans = 10 pm.

|91

range (A = 1 nm) is emitted from the undulator. Behind this undulator, the electron beam is bent

toward a second beam dump.

A second bunch compressor shorten the bunch to 015, = 100 fs.
6. The beam is then sent to a beam dump or a 30 m long undulator. The SASE light in the soft X-ray

The second LINAC operates at fo.c = 3 GHz and accelerates to Fi;, = 5 GeV. The transverse

1.9.14 Solution for Exercises for Beam Instrumentation and Diagnostics

1 Calculation of current and further properties

1.1 LINAC

Pulse current: I,y1sc =

Number of particles within one macro-pulse: Npyise

trep __ 20ms . _
Toulse = Tms Idc = 2 mA.
_ Ipulse'tpulse _ 13
= Pt = 1.25 - 10,
Number of particles within one bunch: Ny,unen = ib“irl”h - Npylse = 205
pulse
2By n
B — ().146,

Velocity at 10 MeV: By, = 1/2mc?3? < 3 =

Bunch length in time: tpynch = 0.1/ fif = 1 ns.

Bunch length in space: lpunch = Bctbunch = 4.4 cm.

Density within the bunch for a rectangular shape of 2x = 1 cm edge length:
=2.84-107 cm™3.

— Nbunch
Pbunch = (zx)2lbunch

= average distance (d)

\3/ 1/pbunch =30 pm.

Residual gas density: ngas = 27 = 2.4 - 102 cm™3.

1.2 Synchrotron

Revolution time at injection: tin; =

Lsyn

Bc T

1518

5.0 4S < feew = 200 kHz.

-1.25-10%% = 1.25 - 108.




CERN Yellow Reports: Monographs, CERN-2024-003

Revolution time at extraction: Ey;, = mc?(y — 1) & v = 2.066 < 3 = Y ijl = 0.875.
= trey = 0.84 Us & frey = 1.12 MHz.
Multi-turn injection within 100 ps: Ty = 29088 . 10— 40 mA and Ni,j = 1.25 - 10'2,

trev
After acceleration: I, = B gnnj - Iinj = 239 mA.
Beam size due to multi-turn injection: i, = Ve rrinac = 5 - zrinac and Yinj = YLINAC

Ninj —
— i —1.45-10" cm ™.
W:Blnjymj syn

= (d) = ¢/1/p,,; = 41 pm.

= density pinj =

Emittance shrinkage during acceleration: €exty = 5’8“?% - €inj = 0.081Léip;
extr fextr

Related beam size shrinkage in horizontal direction Textr = \/€extr/€inj - Tinj = 0.71 cm and vertical

direction Yextr = \/ €extr/Ginj *Yinj = 0.14 cm.

Density at extraction with emittance shrinkage in both directions:
Pextr = gy = 1.79 - 108 cm ™.

= average distance (d) = {/1/p,,,, = 18 pm.

Residual gas density: ngas = kBLT =2.7-10%cm~3.

1.3 Extraction

a) Slow extraction:

Current in transfer line: liyans = ttfe: - Ignal = 20 nA.
extr

Total length of current string: Lgtring = BextrC - textr = 2.6 - 10° m

e g — Ninj _ -3
= denSIty' p= 71'ﬂfexhr'yextr'Lstring = 16 cm

= average distance (d) = {/1/pextr = 4.0 mm.
Residual gas density: ngas = b7 = 2.7-107 em ™.
b) Fast extraction:

Current: Ipyneh = tre"h cAextr = 2.0 A.

tbunc
Bunching to tpunecn = 100 ns leads to a bunch length of Ipunch = BextrCthunch = 26.3 m

: Ls n —
= density: phunch = lbui’ch - Pextr = 1.9 - 109 cm 3.

= average distance (d) = {/1/pbunch = 9 pm.

Table of results
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LINAC | Synchrotron | Synchrotron | Extraction | Extraction

10 MeV | inj. 10 MeV | extr. 1 GeV slow fast
beam current [ 2 mA 40 mA 240 mA 20 nA 20A
beam velocity (5 [% of c] 15 15 88 88 88
protons per bunch 1.3-108 1.3-10* 1.3-102 | 1.3-10'2| 1.3-10%
bunch duration e, 1 ns (5 us) (840 ns) (10°s) 100 ns
bunch length ly,unen 4.4 cm (220 m) (220 m) | (3-10? m) 26 m
horizontal size 22 [cm] 1 5 1.4 1.4 1.4
vertical size 2y [cm] 1 1 0.3 0.3 0.3
average distance (d) [um] 30 41 18 4000 9
beam density ppeam [cm 3] | 3.6 - 107 1.5-107 1.8-108 1.6 - 10 1.5-10°
vacuum pressure p [mbar] 107 10719 10-19 107 107
res. gas density pgas [cm ™3] | 2.7 - 10° 2.7-10° 2.7-10° 2.7-107 2.7-107

1.4 Changes for an ion accelerator

Current up to 1 MeV/u with g = 4: Ij,yje = 2 mA = Npyiee

4e

_ Ipulse'tpulse — 3 1 . 1012

Current for 1 MeV/u to 10 MeV/u with g = 28: Ipyise = 2 MA = Npyige = 22 lpulse — 4 5. 1011

Current at 10 MeV/u with ¢ = 70: I,yse = 2 mA = Npyige =

_O.Ims'N

Injection into the synchrotron ¢ = 70: Ipyse = 2 MA = Nipj = T3¢

28e

Ipulse'tpulse — 1 8 . 1011

70e

pulse = 1.8 - 1010,

2 Methods of current measurements at proton accelerators

a) Faraday Cup or active transformer, the beam power is sufficient low for a Faraday Cup, and the beam
current sufficient high for a transformer

b) Faraday Cup, the current is too low for a transformer

¢) Active transformer due to the high beam power

d) DCCT for a permanent monitoring, other possibility using a FCT and integrating the bunch signal

e) DCCT as the only choice

f) Passive transformer, well suited for a bunched beam detection, Faraday Cup not possible because the
beam energy is above pion production threshold

g) Ionization chamber

3 Transformer for a pulsed LINAC

Droop of a transformer:

R
U(t) = Ibeamﬁ ‘ e_t/'rdroop = UO . e_t/Tdroop

For a 3% droop within 1 ms:

Ul(t
UO) _ -t ms/racs — .97 o Tdroop = 32.8ms
Uo
The lower cut-off frequency is fiow = ﬁ = 4.85 Hz.
roop
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The bandwidth of 100 kHz is required to monitor the changes in the pulse current on a 10 ps time scale,

e.g. given by the ion source fluctuation.

Passive transformer:
The droop is determined by the inductance L and the resistors R and Ry:
Tdroop = Ri—fRL & L= 33.13 Hy.

The inductance of a given core is: L = £5E . IN? . 1In %’ & N =, /uouj+n€"o/ri = 244.5 ~ 250.
= & = 4 V/A (here Tgro0p > 1).

Sensitivity: S = Ibcarn

Signal-to-noise: Upise = \/4kBT(RL + R)Af=13uV
= for S-to-N=1: I5oN1 = L. Upgise = ¥ - Unoise = 0.315 pA.

beam

Active transformer:

Tdroop = g1 for Rt/A < Ry, = L = 0.315 Hy.

The number of windings is N = , /Wfrom = 25.

Sensitivity: S = % = 4.2 10* V/A.

The noise voltage is Uppise = \/4kBT(RL + Ry /A)Af = 0.135 uV and
the noise current Ippice = RAf - Upoise = 0.14 pA.

The corresponding beam current for S-to-N=1 = I} = I,5ie/N = 6 nA i.e. a factor 50 lower than

for the passive case. This 6 nA threshold concerns only the amplifier input contribution, which is indeed
lower than other limiting factors, like Barkhausen noise and magnetostriction.

Fast passive transformer:

M

3 % droop within 1 ps: e~ 18/ Taroop = (.97 &< Tdroop = 32.8 U8

?flow:m—zlngZ

Inductance L: Tgroop = m & L =1.97 mHy.
The number of windings for jur = 103: N = 19 ~ 20.
R _
= & = 2.65 V/A.
Signal-to-noise: Uppise = 9.09 uV = for S-to-N=1: [FoN=! = % - Upoise = 3.8 LA. Due to the wide

beam

Sensitivity: S =

Ibeam

bandwidth, the minimal detectable beam current is larger than for the case of an active transformer

discussed above.

4 Slow extraction current measurement
Na-40 g
2241
Energy loss of protons for a path length of Az = 0.5 cm:

AFE, pdz - p- Ax = 1289 eV per proton.

Density of the Ar filling: p = = 1.79 mg/cm?.

Number of secondary e™: N, = 26% sy = 49 e /ion.

For the extraction of N; = 1.25 - 1012 ions/s it is N = N; - N, = 6.13 - 10'3 e /s,
the corresponding current is: I, = e - N°* = 9.77 - 1076 A ~ 10 pA.

For Uranium: AE, = (92)? - AE,, = 10.9 MeV.

Number of secondary e™: N, = 4.14 - 10° e~ /ion,

the e~ -rate for the Uranium case is: N!°' = N; - N, = 7.45 - 1015 e~ /s,

the corresponding current is: I = 1.19 mA. This value is in the range of IC saturation current!
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For the SEM and protons: N, = 0.048 e~ /ion = I, = 9.69 - 107? A ~ 10 nA.
For Uranium: N, = 406 ¢ /ion = I, = 1.18 - 1079 A ~ 1 UA.

5 Beam power at a LINAC
The macro-pulse current is: Ijyacro = 2 MA,
the average current is ayer = % - Imacro = 100 pA.

With I = qetN the corresponding average rate is:
protons: Ny, = 6.25 - 10* 1/s and

Uranium: Ny = 2.23 - 1013 1/s.

The absorbed average power is P?¥" = eN - Ey, - A, A mass of ions
= PJ¥" = 1.0 kW and P§"" = 8.5 kW.

The peak power is higher than the average value by the factor
= PP = 20 kW and P5** = 170 kW.

The average power has to be transported by the flow of cooling water:

Pyater = %/ -pc- AT

(% is the flow, p the density, ¢ the heat capacitance and AT = 60 K the temperature increase.)
Protons: Pyater = Pgwer = % = 3.97 cm®/s = 0.23 I/min

Uranium: Pyager = P77 = % = 33.7 cm?/s = 2.0 I/min.

20 ms
1 ms

6 Material destruction for intense beams

Power within a macro-pulse of an ion of mass A = 238: Ppacro = Imzc"’ « Byin - A = 595 kW
Energy within the macro-pulse: Wiyacro = Pmacro * tmacro = 119 1.
The specific energy for heating the metal to the melting temperature iS Qneat = PC¢(Tmelt — Tp) and the

specific energy to melt the metal is Qe = P - amels- The total specific energy is the sum for heating
and melting Qtot = Qheat + Qmelt

Cu Fe \\%
Qheat [KI/ecm3] | 3.1 53 84
Qmelt [KJ/em3] | 1.9 22 3.7
Qiot [KJ/em®] | 5.0 7.5 12.1

2

The beam is stopped in a volume V' = 77, - Rt (assuming a round beam with constant density as a

first approximation). The minimum beam radius to prevent melting is 7"yin = % with the
tot "/t "Llma

material dependent ranges R, of Uranium ions (i.e. Roy = 9.5 um, Rpe = 9.7 um, Rw = 7.4 um):

Cu Fe \%
min [mm] | 25.6 227 20.5

Having now a beam with 7pea, = 5 mm the maximal allowed beam energy

_ 2 L
Whacro = TTheam Qtot - Rmat 1s:

Cu Fe W
Wmacro [J] 46 5.7 7.0
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WII]&CTO

Pmacro

and the time is tpulse =

Cu Fe \\%
tpuse [Us] | 7.6 9.6 11.8

The estimation above assumes a constant beam density; for a Gaussian distribution the central part of the
beam spot is heated stronger. For a save operation of an accelerator, the above given value for e have

to be about a factor 2 or 3 lower.

The penetration depth R (or range) of ions in material scales approximately with Ry ¢ Eﬁf’
= Tmin X \/m o's Elgg'?ﬂ‘r’, i.e. for high beam energies the temperature increase is lower.
The corresponding values for a 1 MeV proton beam of 10 mA current and 200 ps duration are
Pracro = 10 kW and Wiyaer0 = 2.

The minimum radius is:

Cu Fe W
rmin [mm] | 3.9 3.6 3.1

To prevent melting assuming a beam radius of 5 mm it is:

Cu Fe \\%
Wmacro [J] 32 38 51
tpulse [18] 319 378 511

Contrary to the Uranium case, no destruction is expected for the full beam duration.

7 Transverse profile by flying wire scanner
The energy loss per passage of the wire with thickness Az = 50 um as given by AEp,e = % - Az is

for the two ions:

p U
AEpass [MeV] 0.021 178
AFEpass/Exin | 21-107°  7.5-1074

= even after 2 passages the Uranium is out of the typical longitudinal acceptance of about
(AE/E)accept = 10~ and they will be lost. For the proton case the particles energy loss is below the
acceptance value and they will be stored.

Kinematics of the “flying wire”:

total time to pass the beam: tiot = dbe% =1ms

time to move by one wire thickness Ax = 50 um: ta, = % =5.0us

number of passages of particles through the wire: N = lae — 5.0 with tpey = 1.0 us, i.e. 5 passes

trev

through the wire.
Using the number of stored particle Ngioreq (protons Ngiored = 102 and Uranium Ngoreq = 10°)

the total energy issW=e- AEpaSS . Npass . Nstoreda

the total power: P = 2~

ttot’

and the power per mm: P, = i

10 P It follows for both ions:
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p U
W 7] 0.017 0.142
P [W] 17 142
Pym [W/mm] 1.7 142

= For protons the heating of the wire is just above the safty-border of 1 W/mm (= a more realistic
calculation is required).

= For Uranium the wire melts; note, that 10~3 less Uranium ions are stored.

If not fully striped ions are stored, than they change their charge state according to an energy-dependence
distribution, i.e. a noticeable fraction of ions is lost after the next dipole due to the non-matched charge

state.

8 Signal estimation for a ionization profile monitor

Target thickness of Ho: oy = pg - —2— -1 =9.0- 10~1 mg/cm2

Pnorm

(p vacuum pressure, [ = 100 mm monitor length)

Target thickness of No: 2x = pn - —2— - = 1.25 - 10~? mg/cm?

Pnorm

Energy loss perion in Hy: Fyy = pigz -z = 5.94 meV

Energy loss per ion in No: EN = pigx -xN = 27.5 meV

Number of ions per pulse: Nyacro = é - tmacro = 6.25 - 1011,
Total energy loss within the monitor per pulse:

for Hy: B = Npacro - En = 3.71-10% eV

for No: E¥' = Npacro - Ex = 17.2-10% eV.

Numbers of e~ -ion pairs NP = % with W = 36 eV:

for Hy: Nift = 1.0 - 10®

for No: Nt = 4.8 - 108.

For the case of the LINAC: 90 % N5 and 10 % Hs it is:

Loe = € (0.LNF™ + 0.0NF™ ) /tiacro = 70.4 nA

10 % of the beam is covered by one strip = ISP — 7,04 nA
= USSP — 0,704 V after I /U-conversion.

(Current down to 1 nA can be measured with sensitive pre-amplifiers even in the electronically noisy

environment close to an accelerator.)

For the case of the synchrotron: Target thickness iy = 9.0 - 1074 mg/cm? and p = 107! mbar

= NF* =1.0-100

= [sec = 0.16 nA and per strip ISP = 16 pA. This cannot be converted by an I/U-converter and a
MCP as a “pre-amplifier” with up to 10° fold amplification is required.

9 Signal estimation for broad-band BPM
Transfer impedance for 1 MQ): Z; = 26% e BéC = 6.7 (2, with area A = 7al.

T™a

Sum voltage for Iycam = 1 A: Uy, = 1 A:
Un =217 Iheam = — - Zt - Tneam = Ua(z = 1 mm) = 67 mV.
a
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With Z, = 2t
t'Ibeam-
For 50 Q termination and Z;(50Q2) = Z;(1Mf2)/20:} Sum voltage for lheam = 1 A :

Us, = 2Z; - Iyeam = 0.67 V and difference voltage Ua (z = 1mm) = 3.3 mV.
The thermal noise voltage is given by:

R = IMQ: Ueg(R = IMQ) = \/ikgTRAf = 1.3 mV

R =50Q: Ug(R =50Q) = 4kgTRAf = 9.3uV

The minimum beam current for S/N = 2 is:
R=1MQ: Up =2 - Ug(R=1IMQ) = 2.7mV = lyeam = & o707 - Ua = 40 mA.,

x Zi(1MQ)
R =500: Up =2 - Ueg(R = 500) = 18.4 uV = lheam = gm -Ua = 5.5 mA.

The scaling of Z; for 50 Q is given by Uax ox w < 1/0%

= 50 2 has a better S/N for bunches shorter than 720 ns.

By a narrow-band analysis the band-width A f is much lower (typically 10 kHz for the narrow-band case
instead of 100 MHz in the broad-band case) and therefore the thermal noise voltage via Usg o< /Af

(i.e. the noise contribution is about a factor 100 lower).

Remark concerning the value of minimal current /..., for termination with R = 1 MQ:

The minimal values of Ipean, = 40 mA calculated above is unrealistically high due to the fact that the
BPM'’s capacitance of C' = 100 pF together with the resistor R = 1 M2 form a low-pass filter with
the cut-off frequency feus = (27RC)~! = 1.6 kHz. High frequencies f > 10 kHz will therefore be
damped. A more realistic value for the minimal beam current related to that effect is lheam =~ 1 mA.
For the estimation of this value the noise of an amplifier is taken into account as well. Generally, the
amplifiers contribution is characterized by the so called noise figure F' = U.g(amplifier) /Ueg (thermal),
which describes the ratio between the real amplifier noise Ueg(amplifier) with respect to the thermal
noise U (thermal) at a corresponding resistor and temperature. Typical values for a low-noise amplifier
are ' > 2.

10 Profile Measurement with a scraper

a) The primary signal is the loss of stored beam particles.
scraper reaches beam edge

I N ——

scraper reaches beam center

X

~~_  synchtrotron:
*. this side not measurable
‘\
\
.

X

P(x)

Fig. I1.9.171: The circulating current I(x) and the calculated beam profile P(x) as a function of the
scraper position z in the case of a synchrotron.

b) One could measure the fraction of lost particles either by determine the current hitting the scraper (i.e.

the scraper acts like a Faraday cup) or with a beam loss monitor outside of the beam pipe. These methods
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have the disadvantage of low signal strength, because no refilling occur. Therefore it is more suitable to
measure the remaining circulating current inside the synchrotron with a dc-transformer (be aware that
the scraper movement last typically 1 s, while the revolution time is typically 1 us). This later method is
proposed due to the larger signal strength.

¢) Because the remaining circulating current /() as a function of scraper position z is determined, the
_dl(z)

dxr *
d) The movement of the scraper is slow compared to the revolution time. Due to the betatron oscillation

profile P(x) is given by the negative derivative P(z) =

the beam particles reach after a few turns the side of the scraper in any case. If their beatatron amplitudes
are larger than the scraper position, they are lost. When the scraper reaches the middle of the beam path,
no particles are circulating any more.

e) In a transport-line of a LINAC new particles are passing the scraper location. Therefore, the argument
of item d) is not valid. For recording the full beam profile, the scraper has to transverse the full beam

profile.

11 Beam energy measurement by time-of-flight

Non-relativistic formulas can be used for the given energies.

For the lower boundary of £ = 5 MeV itis:

B = n%;? = 0.103, time required for L. = 4 m distance T' = % = 129 ns, number of bunches N

between the pick-ups N =T - fir ~ 13 for 100 MHz rf.
For the upper boundary of £ = 10 MeV it is:

8 = \/g = 0.146, time required for L. = 4 m distance T = ﬁ = 91 ns, number of bunches N
between the pick-ups N =T - fiy >~ 9.

a) The error propagation of A/ as a function of number of bunches N between the pick-ups is given
b % = 8% m> ~ —ﬁ due to T" > tscope, With T' equals the total time to travel the
distance L between the pick-ups.

The error of the energy reading is A—EE = 2% = ZATN.

For a unique solution AN = 1 and therefore:

Lower boundary &/ = 5 MeV = % = % =15 % with N = 13.

Upper boundary E = 10 MeV = 5 = 2 =22 9% with N = 9.

b) The third pick-up should be installed within the distance between two successive bunches:

Lower boundary E = 5 MeV: dpunch = % =31 cm.

Upper boundary £ = 10 MeV: dyunch = % = 44 cm.

The lower boundary £ = 5 MeV gives the shorter distance and, hence, the third pick-up should be

installed less than 31 cm apart from the first one.

12 Beam diagnostics design for a proton facility

This exercise is meant as a group work where the beam instrumentation and their diagnostics applica-
tions should be discussed. No unique answer for the layout of beam instrumentation and its usage for
diagnostics is expected. The layout of the proton heavy ion LINAC and synchrotron at GSI can serve
as a guideline and are depicted below. The devices and their usage is discussed in the lecture and the

preceding sections.
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GSl Heavy lon LINAC: Current Measurement GSI Heavy lon Synchrotron: Current Measurement

CE) Faraday Cup: for low current measurement and beam stop, total 30 ’ Accr: igjgl“e‘i f\:,’:e"‘
.01... 1z

N DCCT: circulating current

’ Transformer ACCT: for current measurement and transmission control

total 52 device mportant parameters of SIS-18

0... 10 kHz
Transformers are used for alignment and interlock genera: r%ré%fregtggn Q4 fon (2) 1-%20ktl) *
12 Circumference 216 m FCT: bunch structure
,l Inj. type Multiturn % 0.01... 500 MHz
e . Injection energy 11 MeV/u
vewa Allions, high clirrent, 5 ms@50 Hz, 368108 MHz ~ ToSIS 1 /5—-—@ injec- |l enerey |~ 2 Gev/u extrac-1 QL) Faraday Cup: beam dump
MUcCIs 50m Alvarez DTL oil Stripper - tion Ramp duration 01-15s tion
- N | o0 Bl Acc. RF 0.8 — 5 MHz A
® L RFQ ,H1 H2 . » Harmonic 4 (= # bunches) =
PIG N “‘5\5@&%—0 Bunching factor 0.4 — 0.08 4
Gas rpper ,51 4 \[g\'/.. ps ‘ " @ Beam current 10 pA to 100 mA

RS =
e X onstructed in the 70th, Upgtrade 1999,
ézzo'ﬁ‘{én urther upgrades in prepara

1.4 MeV/u < =0.054 10/

Fig. 11.9.172: The instrumentation for beam current measurement at the GSI facility.

GSI Heavy lon LINAC: Profile Measurement GSI Heavy lon Synchrotron: Profile Measurement

2\3

. SEM-Grid: Intersecting, high dynamic range, total 81 device

- SEM-Grid: injection

first turn

) X . destructive
Beam Induced Fluorescence: Non-destructive, for high current operation

total 6 device Transhfer to Important parameters of SIS-18 . Screen: extraction
Synchrotron ’ Ton (2) 1-92(ptoV) 0.01... 500 MHz
g
T 12 g Circumference 216m E M
‘ ) 8 Inj. type Multiturn 5 rofile for stored beam
vewa  Allions, high current, 5 ms@50 Hz, 36&108 MHz  To SIS 1 -9 . Injection energy | 11 MeV/u protile tor stored beal
Mucis Foil Stripper injec- Max. final energy ~ 2 GeV/u extrac: 10 ms time resolution
50 m i - = non-destructive
ﬁ Alvarez DTL 2% HON  eop duration 01155 tion
=] il d Acc. RF 0.8 -5 MHz
A RFQ ,IH1 H2
PIG Harmonic 4 (= # bunches)
G - Q Bunching factor | 0.4 — 0.08
as Stripper %1 MeV/u Py -. 9 5 -
2 keV/u =0 Beam size o 0.2 to 10 mm
B2 —>

Constructed in the 70th, Up%rade 1999,
él_()é(en\{éu further upgrades in preparation

1.4 MeV/u & = 0.054

Fig. I1.9.173: The instrumentation for beam profile measurement at the GSI facility.

GSI Heavy lon LINAC: Emittance Measurement

{}3 Slit Grid Emittance: Standard device, total 9 device

_ Pepper-pot Emittance: Special device, total 1 device

Transfer to
Synchrotron

%I

Allions, high turrent, 5 ms@50 Hz, 36&108 MHz Tosis
MEWA
MUCIS Foil Stripper
Alvarez DTL

. nm 28

PIG u a‘“—ﬁrﬁa—%ﬂ
Gas Stripper 1.4 MeV, \
Z&:mg o ° R

ﬁ 2 ke\i{u

=0.0022

tructed in the 70th, Up%[ade 1999,
er upgrades in preparation

1.4 MeV/u & B =0.054
Remark: For higher energies where ions cannot be stopped,
quadrupole variation is used.

Fig. I1.9.174: The instrumentation for beam emittance measurement at the GSI facility. At the high beam
transport lines, quadrupole scans are performed using scintillation screens or SEM-grid are detectors.
Within the synchrotron, the emittance can be deduced from the profile measurement at one location.

Bunch shape measurement: For longitudinal bunch shape measurements at the LINAC, Fast Faraday
Cups and Bunch Shape Monitor based on secondary electron emission is used. At the synchrotron

and high energy beam transport, the sum signal of BPMs is used as the bunch length is sufficient for
broadband electronics observation.

Beam loss monitors: BLMs are installed in the synchrotron at about 30 positions in regular distributions
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GSI Heavy lon LINAC: Position and mean Beam Energy Measurement

BPM: Capacitive type, for position and time-of-flight
total 25 device

Transfer to
Synchrotron

GSlI lon Synchrotron: Position, Tune etc. Measurement

Important parameters of SIS-18

Ton (2)

192 (ptoU)

Circumference

216 m

. BPM: position 1 pusto s

12 devices
BPM: for tune measurement

1 device
@Extiter: for tune excitation
5

[o] n Inj. type Multi-turn 5
@, . Injection energy 11 MeV/u Schottky pick-up:
; : ToSIS 1T /& injec- -
vewa  Allions, high current, 5 ms@50 Hz, 368108 MHz ToSIS 1 /5@ titj)n Max. final energy | ~ 2 GeV/u extrac Ap/p,.Q, ..
MucIs 50m @ 'Foil Stripper 12 Ramp duration 0.1-15s tion 1 device
Alvarez DTL o T Acc. RF 0.8 - 5 MHz
e e L\ e Harmonic 4 (= # bunches) 775
PIG S0 e gy Bunching factor 0.4 - 0.08
% Ny 8 Tune Q, & Q, 43833

Gas Stripper 1.4 MeV, N
LMV oS
FLON: =
=0 s Constructed in the 70th, Up{grade 1999,
further upgrades in preparation
1.4 MeV/u & =0.054

FdsYer

%/ a\8

Fig. 11.9.175: The instrumentation with BPM and pick-up at the GSI facility.

and, in addition at possible acceptance limitations such as scrapers, septa and rf cavities.

13 Beam diagnostics design for a LINAC FEL facility
This exercise is meant as a group work where the beam instrumentation and their diagnostics applications

should be discussed. The answers can be oriented on the following publications for the SwissFEL at PSI

and the references therein:

— V. Schlott et al., Int. Conf.  IBIC 15, Melbourne, p. 12
(2015) https://accelconf.web.cern.ch/IBIC2015/papers/mobla03.pdf and the related invited talk
https://accelconf.web.cern.ch/IBIC2015/talks/mobla03_talk.pdf.

— V. Schlott et al., Proc. Int. Conf. IBIC 17, Grand Rapids, p. 104
(2017), https://accelconf.web.cern.ch/ibic2017/papers/mopwc03.pdf and doi:10.18429/JACoW-
IBIC2017-MOPWCO03.

Proc. Beam Instr.
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