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A picture of the mobile test bench including some measurements, as provided
for the commissioning of the high current injector at GSI in 1999.
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Chapter 1

Demands for beam diagnostics

Beam diagnostics is an essential constituent of any accelerator. It is the 'organ of sense’ showing
the properties and the behavior of the beam. It deals with the real beam including all possible
imperfections of a real technical installation. Without adequate diagnostics one would ’blindly
grope around in the dark’ for the accelerator settings and improvements are hardly achievable.
There are three categories of diagnostic demands at any facility:

e 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 an online information. A prominent example is the current measurement by a
transformer as shown in Fig. 2.11 accompanied by the display of the average current in
form of one single number.

e Instrumentation built for a daily check of performance and stability, or for the control of
wanted parameter changes in the accelerator setting. It can also be used for solving simpler
machine problems in case of any malfunction. An example is the profile determination, in
most cases performed by a destructive device as discussed in Chapter 3; in Fig. 3.5 profiles
are shown as display in the control room at the GSI facility during the regular operation
procedure.

e Complex instrumentation for the commissioning of a new accelerator component, for the
development of higher performance and for solving more serious problems in case of a mal-
function. The devices can be more complex to use and might be destructive for the beam.
The importance is the creation of reliable information about the complex beam behavior
allowing a clear interpretation. The determination of the beam emittance is an important
example for the commissioning of a LINAC, these methods are discussed n Chapter 4.
For a synchrotron the measurement of lattice parameters, like tune, chromaticity or (-
function are required to achieve higher performance and for the comparison to theoretical
calculations; related methods are discussed in Chapter 5.9 and 5.10.

The frontiers between these points are smooth, but should give a guideline for the construction
and usage of the diagnostics.

An additional application is the active influence of the beam settings after the detection of
the beam’s properties. This is called feedback of a given parameter to yield an improved beam
delivery. An example is the reading of the beam position and the correction of the orbit to its
nominal value. Quite different reaction times are common, from less than us to s, depending
on the application. Such feedback systems involves the beam diagnostics as the input of the
correction calculation. These extensive systems for beam control are out of the scope of this
lecture and will not be discussed here.



Beam quantity LINAC, transfer line Synchrotron

current [ general || transformer (dc, pulsed) transformer (dc)
Faraday cup
special particle detector normalized pick-up signal
(Scint. IC, SEM)
position T general || pick-up pick-up

special using profile measurement cavity excitation (e™)

profile ;qh general || SEM-grid, wire scanner residual gas monitor
viewing screen, OTR-screen | synch. radiation (e™)
wire scanner

special || grid with ampl. (MWPC)

trans. emittance general || slit grid residual gas monitor
Etrans quadrupole scan wire scanner
special pepper-pot transverse Schottky pick-up
wire scanner
momentum general || pick-up (TOF) pick-up
p and Ap/ p magn. spectrometer
special Schottky noise pick-up
bunch width Ay general | pick-up pick-up
wall current monitor
special || particle detector streak camera (e™)
secondary electrons
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 loss s general particle detector
polarization P general particle detector
special Compton scattering with laser
luminosity £ general particle detector

Table 1.1: Beam parameters and the most commonly used beam diagnostics.

There is a large variety of beam parameters to be measured. For a good alignment of the
beam all relevant parameters should be controllable. Table 1.1 gives an overview of the most
important beam quantities and the commonly used diagnostic devices and methods. Only the
general properties for most of these devices will be discussed in this lecture, without going deeply
into details; i.e., the lecture gives a reasonable coverage at the expense of a detailed description.
For some parameters, the type of instrumentation differs for LINACs and synchrotrons, due to
their different accelerating principles. An important example is, that in a LINAC or a transfer
line, the beam passes only once, while in a synchrotron the behavior of thousands of passages
have to be determined. For a synchrotron non-destructive methods are preferred to monitor the
beam behavior without any modifying influence. Moreover, electron beams have a quite different
behavior as compared to protons or heavy ions. A simple example is the fact, 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. As seen from Table 1.1 the same beam quantity can
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Figure 1.1: Picture of a movable test bench provided for commissioning of the new high current
RFQ of GSI (green tank on the left).

be determined with different devices. Which of these are most suited depends on the various
beam parameters themselves. On the other hand, several beam quantities can be determined
with one type of instrument.

The diagnostics are a vital part of any accelerator. About 3 % to 10 % of the total cost of
an accelerator facility must be dedicated to diagnostic instrumentation. But due to the complex
physics and techniques involved, the amount of man-power for the design, operation and further
development exceeds 10 % in most cases.

As a first look at ’'real life’, Fig. 1.1 shows an instrumental assembly installed behind the
heavy ion LINAC at GSI during its commissioning phase. With this equipment all relevant
beam parameters had been measured extensively during a several week long period for each
LINAC module. The beam quantities were: Current, transverse profile, transverse emittance,
energy, bunch position, bunch structure and longitudinal emittance in dependence of various
parameter settings. Now the equipment is installed behind the last module for permanent use
during operation and for further developments.

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

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

e The emission of photons by accelerated charges. This diagnostic is only important for
relativistic particles, i.e. electrons or very 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 beam profile and time measurements.

e The Coulomb interaction of charged particles penetrating matter, described by atomic
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Figure 1.2: Schematics of typical beam diagnostics (here a position pick-up). The beam signal
is modified by analogue electronics and digitized in a local electronics room. From the control
room the parameters of the measurement, as well as for the beam can be influenced.

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, sec-
ondary electron emission grids, ionization chambers and residual gas monitors.

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

e The interaction of the particles with a photon beam. The technique is based on lasers,
their associated optics and on detectors used for high energy physics. Examples are laser
scanners or Compton polarimeters. Due to the special application, this is not discussed in
this lecture.

In this lecture we can only describe the principles of some commonly used devices, not all can
be covered. Excellent introductory descriptions for beam diagnostics exist, as well as several
books related to a variety of related topics [1]. Information on particular realizations 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 for the full
instrumentation used at an ion synchrotron (RHIC, Brookhaven [3]) and an electron-positron
collider (KEKB. 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. 1.2 for the
case of a electromagnetic beam position monitor:

e There is first the interaction of the beam with the detector. This signal has to be amplified
and shaped. Low noise processing is important at this step. In most cases this is done
close to the beam pipe.

e The amplified signal is transferred out of the accelerator area to a local electronics room.
The distance between these two locations can be several 100 m. Further shaping can



Figure 1.3: One section of the operator control room at GSI.

proceed here and the signal might be combined with other parameters as given by the
accelerator settings. This is done in most cases with analogue electronics. The modified
signal is then digitized and stored. This can be done using an oscilloscope or a digital bus
system. Example for bus systems are field buses like CAN- or PROFI-bus, or crate based
systems like CAMAC, VME, PXI or CompactPCI. The control of the analogue electronics
can also be done using these busses.

e The data, or in most cases a reduced subset of the data, are passed to a PC or a workstation
located in the operator’s control room. Here the visualization is done providing only the
necessary information. Also the parameters for the accelerator, like magnet currents or rf
voltages, are changed 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 principle of the action of the beam on the detector. For several
systems, raw data are shown to visualize the general detector functionality. The preceding
analogue electronics are only discussed briefly. The technique of digitalization is not treated
here, even though it is of great importance and occupies a significant effort. Digital electronics
is not a pure diagnostics subject, and the realization is comparable to a great variety of other
control applications. From the data analysis on the PC or workstation only typical results are
presented, the algorithms are not discussed here. The associated software at the various steps
is not described either.

Fig. 1.3 shows a view into the control room at GSI, where the information from the beam
diagnostic instruments is displayed in connection with other controls of the accelerator. The
various parameters of the accelerator are changed from this control room.

Most of the examples in this lecture are measured at the GSI facility, because the author
is most familiar with these realizations. This does not mean, that GSI has the most advanced
systems; at other facilities better installations might exist. The GSI accelerator facility, as
shown in Fig. 1.4, consist of two pulsed LINACs running on 36 MHz and 108 MHz, respectively
to accelerate all ions from different ion sources up to 18 MeV /u, corresponding to a velocity of
B =wv/c=0.19. This energy is well above the so-called Coulomb barrier, where nuclear reactions
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Figure 1.4: The GSI heavy ion accelerator facility.

are possible. Experiments with this beam are performed in the low energy experimental hall.
For achieving higher energies up to 2 GeV /u, corresponding to 8 = 0.95, a synchrotron with 218
m circumference, the SIS, 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 using slow extraction lasting from 1 to 10 s. The physics at
these targets are related to nuclear, atomic or plasma physics, as well as human cancer therapy.

We restrict the lecture to the instrumentation of accelerators for stable particles, having a
moderate current range. Typical applications at these facilities are experiments in atomic, solid
state, biological, nuclear and particle physics, as well as the use as synchrotron radiation sources.
We do not treat the diagnostic needs e.g. for radioactive beams (having a very low current) or
the high current beam produced by induction accelerators. Moreover, the special diagnostics
for negative H™ beams are not treated. The measurement of polarization and luminosity at
colliders uses particle detectors and well known cross sections for secondary particle production;
this will not be discussed here.

At the end of the introduction we have to state that the beam diagnostics have to help getting
a stable operation with the best possible beam quality needed for the physics experiments.



Chapter 2

Measurement of beam current

The total electrical current is one of the most important parameters for the operation of a particle
accelerator. In the daily operation a first check concerns the current in almost all accelerator
laboratories. In most cases it is measured with a beam transformer. This device works for
electron and proton LINACs and synchrotrons, even for short pulses, like the transfer between
synchrotrons, as well as for dc-beams, like in a storage ring. These devices are commercially
available [5], even though quite different types are used. They are all non-intercepting. Their
principle is the detection of the magnetic field carried by the beam. Only for very low currents,
transformers cannot be used due to noise limitations. For these low current regions, particles
detectors are used instead. For most parameters this is a intercepting methods. Here the energy
loss of the charged particle traveling through matter is detected. Either the particles are counted
directly, or the particle flux can be calculated with the help of a calibration.

From the first days of accelerators, Faraday cups were used. The cup gives a direct measure-
ment of the particle beam’s charge. The particles have to be stopped in the cup. For high current
this destructive method can not be applied, because the total energy carried by the beam can
destroy the intercepting material. For higher energetic particles the penetration depth reaches
more than several cm and Faraday cups are not useful any more.

current A macro pulse< macro pulse period

rf period

bunch curr. l!)unch

—

pulse curr. jyise

mean Ccurr. hean
/

——
time

Figure 2.1: The time structure of the different currents at a pulsed LINAC.

Before discussing the devices we define the time structure of a pulsed LINAC according to
Fig. 2.1:

e The average or mean current .., in the long time average as given in units of A.

e The macro pulse current I, is the time average during the beam delivery. In most cases



this is given in units of A.

e The current within a bunch I, sometimes also called the micro pulse current. In most
cases this is given in number of particles or charges per bunch.

A typical example of such a structure is given in Fig. 2.2 for a pulse length of 5 ms and an rf
period of 27 MHz as recorded at the GSI heavy ion LINAC.

Having a long train of bunches, the number of charges within a bunch is not determined
with a transformer, as it’s bandwidth is too low for this purpose. Here capacitive pick-ups,
which detect the electrical field, are well suited. Both plots on the right are recorded with these
devices, see also Chapter 5.

Figure 2.2: Pictures of measured currents. Left: macro pulse current, measured by a beam
transformer with 1 ms/div, center: bunch signals within the macro pulse at 50 ns/div, right:
differentiated single bunch signal from a capacitive pick-up on an enlarged scale of 1 ns/div.

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 wave) accelerator is used. Here the bunches are delivered for a ’infinitely’ long time.
The macro pulse current I,,. then equals the average current I,,eqn, but the bunch structure
still remains due to the rf acceleration by a LINAC or a cyclotron. There exist also types of
accelerators not producing bunched beams, examples are Van-de-Graaff- and Cockcroft-Walton
types, using electrostatic acceleration. Here all three types of current are equal.

2.1 Current transformer for pulsed beams

2.1.1 General considerations and passive transformer

In an accelerator the current is formed by N particles of charge state ¢ per unit of time ¢ or unit
of length [ and velocity 8 = v/c. The electrical current is

L, = 9N _aeN

; e (2.1)

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

di x 7

dé = /LOIbeam : W

(2.2)

with pg = 47 - 1077 Vs/Am is the permeability of the vacuum, dl the length in direction of the
beam and 7 the distance between the center of the beam and the point the field is measured. For

10



a cylindrical symmetry only the azimuthal component has to be considered along the unitary
vector €, as shown in Fig. 2.3

= I .
B = po 26;‘;” - Ep. (2.3)
For a beam current of 1 4A 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 uT.

at radius r:
B~1/r

Figure 2.3: The magnetic field of a current.

Inductance L simplified equivalent circuit

torus >
R
beam 4 L cd R o
N Wire - I-source @ —
secondar represents
2COl .
windings Ll ear®
beam = primary winding — ground

Figure 2.4: Scheme of a current transformer built as a ring-core (torus) around the beam (left)
and the simplified equivalent circuit (right).

The beam current can be determined by monitoring the accompanied magnetic field with
a current transformer schematically shown in Fig. 2.4. 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 ’secondary winding’ of the transformer with the inductance L. The
inductance 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 by

L N M (2.4)
2 T;
One 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
ratio between the primary current I, and secondary current I, is given by

1
Tprim = Lsee = N “Lprim  due to Nppim =1 (2.5)

11



with Nppim = 1 is the winding number on the primary side, which is one due to the single
pass of the beam through the torus. Ng. is the winding number on the secondary side and for
simplicity it is called N further-on.

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

R is introduced leading to
R
U=R:Is.= N Tveam - (2.6)
The ratio between the usable signal voltage U and the beam current Ij..,, is called sensitivity

S (or transfer impedance, for a more stringent discussion see Chapter 5.1)
U=S5" Ipeam - (2.7)

To understand the design criteria for the various applications one has to consider the electrical
properties of the transformer in more detail. With different external electrical elements the
response to a given time structure of the beam can widely be influenced. We first consider
the characteristics of a so-called passive transformer, where the voltage at a 50 €2 resistor is
recorded. The equivalent circuit of the secondary transformer side is depicted in Fig. 2.4 on
the right side. The beam current is modeled by a current source with a reduction given by
the number of windings IV according to Eq. 2.5. One has to take also some stray capacitances
Cys into account, which are 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(t) the
impedance of the parallel shunt of the three elements in dependence of the excitation frequency
forw=2nfis

1 1 1.
E_m—kﬁ—i—szs . (2.8)
Using some algebra, this is equivalent to
wl

Z = 2.
1+ iwL/R+wL/R-wRCg (29)

This equation can be analyzed for three different frequency ranges:

e Low frequency range assuming w < % :
In this case, the second and third term in the denominator of Eq. 2.9 can be neglected.
The resulting impedance is then
Z —iwl . (2.10)

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

e High frequency range assuming w > RLCS :
In this case, the first and second term in the denominator of Eq. 2.9 can be neglected. The

impedance is then
1

wCyg

7z - (2.11)

This reflects the fact that for high frequencies the current is mainly flowing through the
capacitor and therefore the voltage drop at the resistor R is low.

e Working region % w K RLCS :
For this case the second term in the denominator of Eq. 2.9 dominates and term one and
three can be neglected. The impedance is then

Z~R . (2.12)

12



This is the usable working region, where the voltage drop at the resistor is significant. The
working region is very broad due to the values of the electronic elements. In particular,
the low value of the resistor R = 50 {2 to ground annihilates the flowing current, resulting
in an over-damping of possible oscillations.

The above mentioned frequencies restrict the working region with a true response of the measured
signal with respect to the beam current. At the lower frequency boundary the signal decreases;
the point of factor 2 decrease is called the low cut-off frequency and is given by wj,,, = R/L. At
the upper boundary the corresponding value wp;gn, = 1/RCys is called upper cut-off frequency.

Tcurrent
beam bunch
primary test pulse time fime
current
I’OOpIdroop
secondary t|me tlme

rise:Trise =(k Cé

Figure 2.5: The response of an ac-transformer to a rectangular pulse and a more realistic beam
pulse.

For the following discussion we are more interested on the time response of the measurement
device to a given beam pulse. Therefore, one uses frequently the rise time constant 7,;s. and the
droop time constant 74,..0p as depicted in Fig. 2.5: If the excitation is given by a step function,
the signal amplitude increases proportional to A o (1 — et/ Trise) and Tpise corresponds to the
time for an increase by e~! = 37 %. It is linked to the upper cut-off frequency by

11

B — 2.13
T Whigh 27 fhig (2.13)
Correspondingly, the droop time constant is linked to the lower cut-off frequency as
1
(2.14)

Tdroop = W
ow

Both equations have a general meaning and will be used to transfer the bandwidth, as given in
the frequency domain, into the corresponding description in the time domain !.

For the passive current transformer as described by the equivalent circuit of Fig. 2.4 the rise
and droop time constant are given by

L
Trise = RCs and Tdroop = E . (217)

'Tn time domain one uses either the rise time constant 7,;s. or 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

trise = = ~ ~ 22 Trise - 2.15
e Whigh 27 frigh  3fnigh e (2.15)

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

tdroop 3fl ~22- Tdroop (216)
ow
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Figure 2.6: Equivalent circuits of a passive beam transformer (left) and an active transformer
(right).

A more realistic case of the passive transformer is shown in Fig. 2.6. The main difference
is the additional loss resistivity in the cables, which is represented by a serial resistor Ry.
Moreover, we have also a stray inductance between the windings, which is best modeled 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 p, ~ 10° for low frequencies. But the permeability decreases above
f ~ 100 kHz with a scaling p, o< 1/f and therefore also 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

Trise = \/ LsCg and  Tiroop = %RL . (2.18)
Passive transformers are mainly used when short beam pulses have to be observed. Examples
are the observation of the bunch structure during acceleration inside a synchrotron or the fast
extraction from a synchrotron within one revolution. For 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 us. Moreover, with the passive transformer, the bunch structure in time can be
observed and a bandwidth up to 500 MHz (corresponding to a rise time of 7,;5c < 1 ns) can
be achieved. The specifications of the GSI device are listed in Table 2.1 and a measurement is
shown in Fig. 2.7. Careful matching is necessary between the torus and the 50 €2 resistor R,
where the voltage drop is measured.

Torus radii r; = 70 mm, 7, = 90 mm

Torus thickness [ =16 mm

Torus material Vitrovac 6025: (CoFe)7qy (MoSiB)sq,

Torus permeability pr =~ 105 for f < 100 kHz, p, oc 1/f above
Number of windings 10

Sensitivity 4 V/A at R =50 Q, 10* V/A with amplifier
Resolution for S/N =1 40 pA,,s for full bandwidth

Tdroop = L/R 0.2 ms

Trise = V LsCs 1 ns

Bandwidth 2 kHz to 300 MHz

Table 2.1: Some basic specification of the GSI passive transformer.

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) x 1/N in Eq. 2.6.
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Figure 2.7: The signal from a passive transformer for a single beam bunch extracted from the
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2. For a long droop time constant, i.e. the possibility of measuring long beam pulses, a
large inductance has to be used. The scaling is L o N? and L o pu, as given in Eq. 2.4.
Therefore materials with a high permeability are used e.g. CoFe-based amorphous alloy
(so called Vitrova(:@) with g, ~ 10°. For higher frequencies j, decreases and therefore
also the torus inductance L. A typical 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 Cy should be

low due to 7yjse X VLsCls

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. 2.8. This is done with an
insulator, either a ceramic gap or a plastic vacuum seal. The reason is to prevent a flow of image
current inside of the transformer torus. This image current has the opposite sign and without
the gap, the fields of the image current and beam current add up to zero. The image current
has to be bypassed outside of the transformer torus by some metallic housing. It is surrounded
of high permeability p-metal, also used for the shielding of the transformer against external
magnetic fields. A general review on transformers is presented in [6].

metal shield I signal
permeability curren
image torus
current :
_ L
pipe
beam ——
L
ceramic
gap

Figure 2.8: Scheme of a transformer housing used as an image current pass and a shielding
against external magnetic fields.
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2.1.2 Active ac-transformer

For the observation of beam pulses longer than several us, the droop of a passive transformer
leads to a significant deformation of the measured signal, as schematically shown in Fig. 2.5.
The droop time constant can be made much longer by using an operational amplifier (op-amp),
with feedback resistor R; and amplification A, instead of a constant resistor to measure the
voltage. The equivalent circuit is shown in Fig. 2.6, right side. The effect is the reduction of the
op-amp input resistance by a factor of Ry/A. This is the setup of a so called trans-impedance
amplifier or current to voltage converter. The remaining resistance is then only given by the
cable resistivity Ry because Ry/A < Ry. The droop is now only

L L
Tdroop — w5 = =X —.
droov = R.JA+ R, Ry

Droop time constants up to 1 second are possible. (Typical values of the cable resistance is
Ry ~1Q.) An additional winding (not shown in Fig. 2.6 right) has to be used to compensate
the matural’, known droop. In addition, the feedback resistor Ry of the operational amplifier
can be used for range switching. This principle is called the active transformer.

The rise time 7,5 for this active type is much larger than for the passive type. This is
mainly due to the choice of a low bandwidth (low value of the upper cut-off frequency) of the
operational amplifier to obtain a significant reduction of the amplifier’s high frequency noise.
This results in the high sensitivity of an active transformer.

(2.19)

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

Torus thickness [ =25 mm

Torus material Vitrovac 6025: (CoFe)7gy (MoSiB)sg9
Torus permeability fy ~ 10°

Number of windings 2 x 10 with opposite orientation
Maximal sensitivity 10% V/A

Ranges of the beam current 1 pA to 100 mA

Resolution for S/N =1 0.2 pA s for full bandwidth
Upper cut-off frequency 1 MHz

Droop < 0.5 % for 5 ms pulse length
Maximum pulse length 8 ms

Table 2.2: Some basic specification of the GSI LINAC transformer.

We discuss a typical device [7] used at the heavy ion LINAC at GSI with pulse length of 100
us (used for the filling of a synchrotron) and 5 ms (used directly by the experiments). The values
of the macro pulse current ranges from the low detection threshold of ~ 200 nA up to 100 mA.
The very large dynamic range depends on the experiment’s needs and on the maximum current
the ion source can deliver. In Fig. 2.9 and Fig. 2.10 the hardware is shown. A specification is
given in Table 2.2.

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)7qe, (MoSiB)sgy, (Vitrovac©), to enable a
large sensitivity. Besides the high permeability of u, ~ 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 r, — r; = 15 mm. Another
important material constant is the change of the inductance as a function of external stress, the
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. 2.11, where one macro-
pulse is recorded at three locations starting at the ion source until the end of the first LINAC
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Figure 2.9: Photo of an ac-current transformer used at the pulsed heavy ion LINAC at GSI.
The torus with the differential winding is shown left, the used electronic modules at the right.

Housing for
Frontend Electronic

g for Gap Insulation

VITROVAC 6025 - Core

Figure 2.10: Schematic drawing for the ac current transformer used at the pulsed heavy ion
LINAC at GSI.

tank. A high current ion beam is generated in the source with ~ 0.5 ms length. The slow rise
of the 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 is used to generate the needed
pulse length. Transformers are essential to determine and maximize the transmission through
the accelerator, in particular if the ion source conditions are not very stable. A non-destructive
method is needed to follow the beam pulse for its pass through the full accelerator. During the
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Figure 2.11: 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 is after filtering one
ionic state. The third curve is the current after the first LINAC module.
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Figure 2.12: The multi-turn injection at GSI 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 Ni?’* beam.

operation of the accelerator, these transformers are the most frequently used diagnostics.

To control the filling of a synchrotron by a pulse from a LINAC, transformers of the described
type are used. One of them is mounted in the external beam line, measuring the delivered
current, and the other one is installed inside the synchrotron to determine the stored current.
The used multi-turn injection is done with some bumper magnets to fill the large horizontal
acceptance of the synchrotron by the LINAC pulse, which is much longer than the revolution
period. Such a measurement at the GSI facility [8] is shown in Fig. 2.12 where the injection takes
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Figure 2.13: Schematics of a dc-transformer, see text.

place over 20 turns and an accumulation by a factor ~ 15 is achieved. For each beam setting
optimization of the injection process is an important task to achieve a maximal matching. The
transformer inside the synchrotron has a higher bandwidth to see modulations within a fraction
of the revolution period, resulting in a larger droop of ~ 20 % within 100 us.

2.2 The dc-transformer

An important task for beam diagnostics is the measurement of a coasting (dc) beam current.
The application is either a LINAC running in a de-mode or a synchrotron with storage times
from seconds to several days. 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 dc transformer principle [5, 7, 9] is shown schematically in Fig. 2.13. It consist of two
tori with three types of windings each. The first windings of each torus with opposite orientation
are used as a modulator. The modulation frequency is typically 1-10 kHz. The amplitude of
the modulation current is high enough to force the torus into magnetic saturation of By, ~ 0.6
T, two times for each period. The secondary windings with equal orientation act as a detector
for the modulated signal, see Fig. 2.14. Assuming perfectly identical magnetic characteristics
of both tori, the detector signal, as shown in the scheme, should be exactly zero if there is no
beam current flowing through the tori. However, an asymmetric shifting of the hysteresis curve
results if a dc-beam is fed through the toroids, 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. The applied feedback current flows through the third winding of both tori.
The detector can even be use at even harmonics of the modulation frequency, which results
in higher sensitivity and an improvement of the signal to noise ratio. Due to the extremely
specific 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
the success depends very much on the selection and treatment of the core-material as discussed
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Figure 2.14: The fluxes in the two tori of a dc-transformer without and with a beam. The
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degree later it is subtracted. The sum of the maximum magnetization gives the measured
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Figure 2.15: 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.
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Torus radii r; = 135 mm, r, = 145mm

Torus thickness 10 mm

Torus material Vitrovac 6025: (CoFe)7qy (MoSiB)sqy
Torus permeability fy ~ 10°

Isolating gap Aly O3

Number of windings 16 for modulation and sensing

12 for feedback
Ranges for beam current 300 pA to 1 A
Resolution for S/N =1 2 pyA

Bandwidth dc to 20 kHz

rise time 20 us

Offset compensation +2.5 A in auto mode
< 15 pA/day in free run

temperature coeff. 1.5 uA/°C

Table 2.3: The specification of the dc-transformer installed at the GSI synchrotron.

in more detail in [9]. The applied feedback circuit for the zero flux compensation makes the
device very sensitive and linear. To get 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 2.3 and a photo in Fig. 2.15. The resolution is about 1 pA. The offset drift,
mainly caused by the magnetic properties of the tori, are of the order of 20 pA per day. The
offset can be improved by an automatic zero compensation at times the synchrotron does not
contain any current e.g., after the ramp down phase of the magnets.

An example of a dc-transformer measurement is shown in Fig. 2.16. The electrical current
and the number of stored particles are shown. A 233U"3+ 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 misalignments. During the acceleration the slope of the magnetic
field dB/dt = 1.3 T/s is constant, resulting in a constant rise of of the particle momentum.
The current grows linearly only for non-relativistic velocities due to the decrease of the rev-
olution time, inversely proportional to the velocity. For the maximal energy of 750 MeV /u,
corresponding to 3 = 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 circulating stable beam by an electrostatic septum and are extracted.

2.3 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 has to be discussed briefly:

1. A first general limitation is the thermal noise of the load resistor. The effective thermal
noise voltage U,y is given by

Uepy = 4kpT - R-Af (2.20)

with T is the temperature of the resistor R, kp the Boltzmann constant and Af the
required bandwidth. A general rule is that the noise is lower for a smaller bandwidth.
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Figure 2.16: The signal of a dc-transformer for a 233U7* 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.

For a passive transformer R = 50 €) for the load resistor. For an active transformer the
amplifier noise dominates.

2. Regarding the magnetization of the core-material on a atomic (or solid state physics)
scale, we have the so called Weiss domains. In a domain the maximum magnetization is
reached, but the magnetization of the different domains do 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 behavior as schematically demonstrated in Fig 2.17. The effect
is called Barkhausen noise. This effect is the limitation of the dc-transformer, because
the working principle is the modulation, which drives the tori into saturation. For an ac-
transformer the Barkhausen noise is of no importance, because the low resistive coupling of
the secondary winding (50 €2 for the passive type and low impedance input of the op-amp
for the active type) prevent magnetization of the torus.

B A

Ty

Figure 2.17: Barkhausen noise generated by the change of the orientation of the Weiss domains.

3. A careful choice of the magnetic core-material is important to have a low temperature
influence, as well as a low disturbance of mechanical vibration (low magnetostriction).
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4. Even if the local magnetic field is measured precisely, it might not be the field of the beam.
In particular eddy currents in the torus or in the surrounding might give rise to a noisy or
wrong reading. To reduce eddy currents, a spiral wound flat ribbon (~ 25 pum thickness)
with high resistivity and insulation between layers is used.

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

6. One has to prevent the flow of secondary electrons, created by the beam hitting the
vacuum pipe, through the transformer. This can be a large error contribution to the
reading. Shielding within the vacuum pipe is difficult in most cases. Therefore the beam
steering has to be controlled carefully.

The actual value of the minimum detected beam current depends on the design of the device.
For most cases it is about 1 pA.

2.4 Faraday cups for low currents

A Faraday cup is a beam stopper supposed to measure the electrical current of the beam. The
basic cup design is shown in Fig. 2.18: An isolated metal cup is connected to a current sensitive
pre-amplifier. As shown for an active beam transformer, the pre-amplifier consist of a low
impedance input and a conversion to a voltage. Range switching is achieved by using different
feedback resistors for the operational-amplifier. With a Faraday cup, much lower currents can be
measured as compared to a transformer. A measurement of 10 pA even for a dc-beam is possible
with a low noise current-to-voltage amplifier and careful mechanical design; this is 5 orders of
magnitude more sensitive than a dc-transformer. Low current measurement is important e.g.,
for the acceleration of radioactive beams.

i k vacuum chambe
negative HV north yoke ]
aperturei south permanent magnet eam . 3 in
- I/U-convertel A
~ 50mm ;
beam | out
—> :
i U flange ]
- : lectrical
T & —emission cone—==— .. movemen4 feed-through
5 ar bellow

Figure 2.18: Left: Scheme of an uncooled Faraday cup with magnetic and electric secondary
electron suppression. Right: Scheme for inside and outside position of destructive diagnostics
devices.

When an accelerated particle hits a surface, secondary electrons are liberated (see also Chap-
ter 2.7.3). 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 done by:

e Very long cups, where the length in beam direction is much greater than the diameter.
The contribution of the lost electrons is low for this geometry.
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Figure 2.19: Photo of an 50 mm uncooled Faraday cup with magnetic and electric secondary
electron suppression.

'} Measured Current [nA]
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Figure 2.20: The suppression of secondary electrons in a Faraday cup as a function of the applied
voltage.

e 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, they are pushed back to the cup
surface. A measurement using this suppression voltage is shown in Fig. 2.20. The disad-
vantage of this method is related to the fact that the electrical field on the beam axis is
lower that on the edges, while for the emission of the electrons it is vice versa.

e 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 7.

o V 2me Egin o EjinleV]

with m, the electron mass, e its charge and Ej;, the kinetic energy component perpen-
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Figure 2.21: Arrangement of Co-Sm permanent magnets within the yoke and the calculated
magnetic field lines. The homogeneous field strength is B ~ 0.1 T.

dicular to the field lines. For Ej;, = 10 eV and a field of 10 mT the radius r. ~ 1 mm,
which is short compared to the mechanical dimensions. With permanent magnets, field
lines perpendicular to the beam axis can be created relatively easily, see Fig. 2.21.

2.5 Energy loss and ranges of particles in matter

For the discussion of the cup, as for all intercepting diagnostics, we need the energy loss and the
related range of the particles penetrating through matter. 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, the so
called electronic stopping. Due to the different masses of the ion and the electron, the energy
transfer per collision is in most cases below 100 eV. The electronic stopping is described by the
Bethe-Bloch formula

dE

7 72 I c2~2 32
_IE e Narma ey D 1y B S
d Ay

In

7 - 32 (2.22)

x
with the constants: N4 the Avogadro number, m. and r. the 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 A; and nuclear charge Z;; the quantity f—i p correspond to the electron density. [ is
the mean ionization potential for the target. The projectile parameters are: Z, nuclear charge of
the ion with velocity 4 and v = (1 — 3?)~'/2. For more details see [10, 11, 12]. This formula has
to be modified due to the fact that ions traveling through matter are not bare nuclei, but have
some inner electrons. An effective charge is used instead of Z, calculated by e.g. semi-empirical
methods described by [13]. The result of such a calculation is shown in Fig. 2.22 for different
ions into copper. The energy loss is maximal for ions with a 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/heavy ion LINAC. Below 100 keV /u the energy loss decreases
and nuclear stopping becomes significant. Energies below 10 keV /u are typical for proton/heavy
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ion sources mounted on a high voltage platform. For relativistic energies above 1 GeV/u the
energy loss is nearly constant. These are typical energies of synchrotrons.
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Figure 2.22: The energy loss per nucleon at the surface and the range in copper as a function
of the kinetic energy for several ions. The energy range is plotted from 5 keV/u to 10 GeV/u
and the range from 100 nm to 1m. The calculation of the electronic and nuclear stopping uses
SRIM [13].

For the consideration of a Faraday cup, the range in material is important. Copper is often
used for cups, due to its high heat conductivity. For a particle accelerated to Fp;,, the range R
is calculated numerically from the stopping power via

Eyin dE -1
= — dFE 2.2
w= (dw) (2:23)

and has an approximately scaling above ~ 10 MeV /u [10]

R o< Byip) (2.24)
The results are shown in Fig. 2.22. This range should be much shorter than the mechanical
dimension for a practical cup design. For energies below 100 MeV /u the range is less than 1
cm. Or, in other words, cups are only useful at LINACs or cyclotrons. For higher energies, the
range is too large and other techniques are applied. In addition for particles above the nuclear
Coulomb barrier nuclear reactions are possible and charged secondary particles might leave the
material resulting in a wrong reading.

The stopping of electrons differs from protons and ions. The collisional loss due to electronic
stopping is also described by Bethe-Bloch, but for energies above a few 10 MeV the radiation loss
by Bremsstrahlung is dominant, see Fig. 2.23 and e.g. [10]. The trajectories in the material are
much less straight than for ions, due to the possible high energy- and momentum transfer in a
single collision. Also the range distribution is much wider. Faraday cups for electrons have to be
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Figure 2.23: The energy loss of electrons in copper for collision and radiation losses [10]. For
comparison the loss of protons are also shown.

made even larger than for ions, see Fig. 2.24. Here the electrons are relatively gently stopped in
the low Z material aluminum to limit the production of high energy Bremsstrahlungs-photons.
In addition, one has to prevent the escape of charged particles, e.g., electrons or positrons,
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Figure 2.24: A drawing of a cup used for 60 MeV electrons.
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created by the Bremstrahlungs-photons. For this reason a Pb shield is included. Due to the
long range, the use of cups is restricted to the first few modules of an electron LINAC.

2.6 Faraday cups for high currents
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Figure 2.25: Temperature increase for a 1 gum thin tantalum foil (emissivity of ¢ = 0.49) irra-
diated 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?.

Faraday cups are sometimes used for higher beam currents, where measurements are also
possible with ac-transformers, because their electronics are simpler. In addition cups serve as
beam dumps. Like for all intercepting diagnostic devices, the heating by the beam’s energy loss
has to considered. An example of the temperature rise is shown in Fig. 2.25, where a pulsed
beam (in this case an Ar'’*t beam with 10 mA electrical current) of pulse length 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, as described by the Stefan-Boltzmann law

P, = eoT? (2.25)

with 7" the temperature and ¢ = 5.67 - 107 W/m?K* the Stefan-Boltzmann constant. e is the
emissivity of the material with typical values 0.1 < € < 0.9. Radiation is a fast cooling process
only for high temperatures. 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 it cools down to 200 °C again and the average
temperature is only ~ 550°C. But the material has to survive the high temperature during the
beam delivery. The beam parameters in the example are moderate. At GSI, higher currents are
possible. The typical current needed for a neutron spallation source is also higher.

For a quantitative analysis for a massive material the partial differential equation of heat
transfer inside the material has to be calculated numerically

or(z,t) X . |
5 = Edlv grad T + En(a:,t) (2.26)

for the temperature T as a function of time ¢ at each position 7 inside the material. A is
the heat conductivity, p the density and ¢ the specific heat. The source term 7(Z,t) is the
volumetric power deposition by the beam, which depends on position and time. For a more
detailed discussion of an optimized material and geometric arrangement see e.g. [14].
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Figure 2.26: 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 finite
element method.
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Figure 2.27: A Faraday cup and beam stopper of high intensity beams as installed at the high
current LINAC at GSI. The opening of the cup is @ 60 mm

An example of such a calculation is given in Fig. 2.26 for a cylindrical cup for a high power
U 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. 2.27.
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Figure 2.28: Photo of a Faraday cup and beam stopper for high intensity beams as installed
at the high current LINAC at GSI. The pneumatic feed-through is mounted on a @ 150 mm
flange.

The ions at the GSI LINAC have ranges below 1 mm. A 1 mm thin layer of tantalum is used
to stop the ions, because tantalum has a high melting temperature. Underlying copper 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 penetration depth of the particles, is much higher than the equilibrium
value. This high temperature is what mainly deteriorates the device. Water-cooling is normally
used to dissipate the average beam power. To have a low electrical conductivity de-mineralized
water is used, but for a precise current reading the finite and temperature dependent electrical
conductivity has to be taken into account. Therefore, cooled cups have a much lower sensitivity
than isolated, uncooled cups. A careful design has to be done and the beam parameters have
to be controlled to prevent the destruction of cups and beam dumps for higher power LINACs
and cyclotrons.

2.7 Low current measurement used for slow extraction

A lot of experiments in particle, atomic or nuclear physics use protons or ions in the energy
range of synchrotrons, i.e., higher than ~100 MeV/u. Due to their detectors, a dc-beam, as
generated by a slow extraction, is preferred. Typical data from a dc-transformer has been
shown in Fig. 2.16. The current ranges from only 10 up to 102 particles per second, which
corresponds to an electrical current from 107° to 1079 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. 2.22 for copper. In addition, a lot of secondary particles would be
created in the cup material. The techniques of particle detectors are used instead. An overview
of the typical detectors is presented in Fig. 2.29:
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e For the current below 10% s~!, the individual particles can be counted by scintillators.

e For the medium range from about 10* to 10° s~! the energy loss in a gas is measured by
an ionization chamber (IC).

e For the higher range from about 10® s~! the emission of secondary electrons from a metal

surface forced by the primary ion’s energy loss is determined by secondary electron moni-
tors (SEM).

The design of such a system is described in e.g. [15, 16, 17].
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Figure 2.29: Overview of the different detector systems used for slow extraction at the GSI
synchrotron. The numbers are given for the different ions with an 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 correspond to a secondary current of 1 pA, the
upper threshold of the IC is 30 Gray/s. The CCC (cryogenic current comparator) measures the
magnetic field. SCL means the incoherent space-charge limit of the synchrotron at injection
energy.

2.7.1 Scintillation counter

When a particle penetrates a scintillating material, the electronic energy loss by the collision of
the beam particles with the target electrons create some 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 [10, 11]):

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

e The scintillator material should be transparent for the fluorescence light and the index of
refraction should be around n = 1.5 for the use of light guides.

e The material should be easy to form and it should be possible to get large sizes, about a
factor of two larger than the maximum beam size.
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Figure 2.30: The scheme of a plastic scintillation counter connected to the photo-multiplier via
a plastic light guide.

Figure 2.31: The hardware of the scintillators (wrapped in black tape) and the IC installed at
GSL.

e 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 and secondary
emission are applied to accelerate and multiply the electrons.

e The scintillator material should be radiation hard, so it will not be destroyed by the
incident particles.
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Figure 2.32: 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 distri-
bution.
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Figure 2.33: The extracted current measured with 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 dc-transformer (top, given in uA) for one extraction
of a 250 MeV /u 2%8Pb%"* beam with a total amount of 10° particles.

In most cases plastic scintillators are used. They are cheap and easy to produce in nearly
every mechanical shape. As an example, the arrangement used at GSI is shown in Fig. 2.30
and a photo together with an ionization chamber in Fig. 2.31. 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 ns. A typical pulse is displayed in Fig. 2.32,
recorded with a medium energy heavy ion beam. The energy resolution is quite good, which
is important because it yields good accuracy of this absolute measurement. Due to the used
several 100 m long cables between the detector in the beam pipe and the electronic processing,
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Figure 2.34: The feed-through mounted on a 200 mm flange containing the scintillator and IC
inside the pocket at atmospheric pressure and the SEM in the vacuum.

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. 2.33, where the particle rate as determined by a scintillator and an ionization chamber
are compared. This is corroborated with the signal of the dc-transformer measuring the stored
current in the synchrotron.

The disadvantage of the plastic scintillators is the very low radiation hardness, due to their
complex organic molecular structure. Inorganic crystal have a much higher radiation hardness.
In most case Ce activated materials are used [11]. But these inorganic scintillators are difficult
to produce in larger sizes, because they are made of single crystals.

2.7.2 lonization chamber

For the medium particle range the current is determined by the energy loss in a gas inside
an ionization chamber (IC). A general description can be found in [11, 18]. Due to the large
statistics, the average energy for the production of an electron-ion pair is a well known number,
the so called W-value. The W-value of some gases are given in Table 2.5. The arrangement of
an IC is displayed in Fig. 2.35 and a photo in Fig. 2.31. The beam passes a 5 mm thick active
gas volume and creates electron-ion pairs. In most cases pure Ar is used, sometimes also mixed
with about 10% of molecular gases, like CH4 or COs. The active gas volume is confined by two
metalized plastic foils. One of these metalized electrodes is biased with about 1 kV to separate
the charges. The other electrode measures the amount of secondary charge with a sensitive
current amplifier. A secondary current down to the pA region can be measured precisely, see
e.g. [19]. The IC, filled with gas at atmospheric pressure is separated from the vacuum by a
metallic foil of typically 100 pm thickness. This thickness has to be chosen so no significant
energy loss takes place in the foil. The specification of the IC at GSI is given in Table 2.4.

With the help of the W-values and the calculated energy loss dE/dx, the number of primary
ions Ipeqm is determined from the secondary current [gq.

1 dF
Iee = — - ——Ax - [ eam 2.2
W gp A (2.27)
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Figure 2.35: The scheme of an IC (left) and its realization with a 5 mm active length (right).

active surface 64 x 64 mm?
active length 5 mm
electrode material 1.5 pm Mylar

coating 100 pg/cm? silver
gas (flowing) 80 % Ar + 20 %COq
pressure 1 bar

voltage 500 ... 2000 V

Table 2.4: The specifications of the IC at GSI.

Gas ionization potential [eV] W-value [eV]
Hy 15.6 36.4
He 24.5 42.7
Ny 15.5 36.4
04 12.5 32.2
Ar 15.7 26.3
CHy 14.5 29.1
COq 13.7 33.0

Table 2.5: Tonization potential and W-values for some gases.
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Figure 2.36: The measured calibration factor of an IC and calculated value using energy loss for
various slowly extracted ion from the GSI synchrotron [17].

generated in the active length Ax. 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/dz is only
weakly dependent on the energy FE, see Fig. 2.22. When the energies of the beam particles are
below this, calibrations have to be done to reach an accuracy in the range of 1 %. This calibration
can be done with respect to a scintillator, where an absolute measurement is performed, like
shown in Fig. 2.33. From the number of counted particles and the secondary current of the IC
a calibration factor can be determined. The result for different ions and energies as performed
at GSI [17] is summarized in Fig. 2.36. Due to the different ions, three orders of magnitude are
covered, from 10716 C/ion up to 107!3 C/ion. The linearity is very good.

The lower limit of an IC is given by the minimum secondary current, which is about 1 pA.
Taking this current, the line in Fig. 2.29 is determined. The upper limit is demonstrated in
Fig. 2.37. 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 any more. A higher voltage cannot be applied without the
risk of sparks. This decrease in efficiency is due to the recombination of the liberated electrons
with the positive gas ions, like Ar™ +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 [11]. The collision frequency of electrons and ions is proportional to their
concentration n. and n;. The recombination rate is

dn.  dn;
dt  dt

=a-nen; < I, (2.28)

with « the rate coefficient. The loss rate is therefore proportional to the square of the primary
beam current. Typical values are summarized in Table 2.6. One can conclude that the secondary
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current for the used IC should be below ~ 1 pA for typical parameters, corresponding to a dose
rate of about 30 Gray/s [16]. To get the value of the primary current the calibration factor using
the energy loss or the values from Fig. 2.36 have to be used.
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Figure 2.37: 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 [16]. For low primary current a plateau is reached, while
for a high current the recombination leads to a decrease of the secondary charges.

H ‘ Tons ‘ Electrons H
drift velocity w/? 0.1 mm/us 20 mm/ps
drift time ¢t/ 50 us 0.1 us
saturation density n** | 2-10% 1/cm? | 4-10° 1/cm3
secondary current I7¢ 1 pA
dose rate D¢ 30 Gy/s
aver. rate coefficient o 107Y em3/s

Table 2.6: Properties of the IC close to the saturation point, see text.

To get a large upper threshold the use of gases with high electron affinity, like Oy and H5O,
has to be avoided. The electron affinity describes the probability of an electron capture like
02 + e~ — O, . The presence of negative ions enhances the recombination with positive ions,
like O + OT — O3, resulting in a smaller amount of measured secondary charge. In particular
an IC should not contain any air.

2.7.3 Secondary electron monitor

To cover the high current range, the emission of secondary electrons from a metallic surface
can be used. Such a setup is shown in Fig. 2.38, where three 100 um thick Al-foils are visible,
installed on the vacuum side of the feed-through. The outer two foils are biased by typically
4100 V to sweep out the free electrons. The middle foil is connected to a sensitive current
amplifier. The secondary emission current is given by the so called Sternglass formula [20]
dE

[sec =Y. % . Ibeam (229)
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
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current measuremen

Figure 2.38: Scheme of a SEM (left) and a photo of the SEM part made of 3 Al foils with
thickness of 100 um of the feed-through used for slow extraction current measurements at GSI.

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

Table 2.7: Specification of the SEM at GSI.

of Y, yielding a precision of 5 %, see Fig. 2.39. The accuracy is lower than for an IC, because
the actual value of the yield is determined by the surface structure of the material, which might
vary, depending on the production and cleaning method. Eq. 2.29 reflects the fact that only
electrons liberated close to the surface have enough energy to overcome the work-function. Most
of the free electrons are emitted with a relatively small kinetic energy of less than 10 eV, due to
the thermalization process inside the material. The physics of the SEM is also used for profile
measurements, see Chapter 3.2.

The material Al is often used due to its well suited mechanical properties. In particular
it is stiff enough to prevent micro-phonic pick-up by external vibrations caused e.g., by turbo
vacuum pumps. But the emission yield Y might change with irradiation. This is caused by
modifications of the surface, which changes the work-function and therefore the average yield
Y. Measurements have shown a significant degradation by a factor of two after 10'® proton/cm?
with 450 GeV proton at CERN SPS [21]. Here Ti-foils have a much lower sensitivity to radiation.
Radiation hardness is important, because these devices are often used in front of the target as
a permanent current monitor.

A totally different approach for low current measurement in the nA region is related to the
determination of the magnetic field. Instead of the transformer principle, the field is measured
by a SQUID (super-conducting quantum interference device). We refer to [22] for details.
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Figure 2.39: The 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 ion from the GSI
synchrotron [17].
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Chapter 3

Measurement of beam profile

The beam profile can be influenced by quadrupole magnets installed in all accelerating structures
and in transfer lines. A measurement is important to control the beam width, as well as the
transverse matching between different part of an accelerating facility. The large number of
bending, focusing and correction magnets gives rise to the need for many profile measurement
stations. Depending on the beam particles, current and energy, a very large variety of devices
exists. We can only briefly discuss the most popular ones. The beam spot can be directly
observed by intercepting it with scintillator screens and viewing the emitted fluorescence with
a CCD camera. Secondary electron emission grids are widely used as an electronic alternative
to get a very large dynamic range. A grid of wires with typically 1 mm spacing is inserted.
Instead of a fixed grid, one single wire can be scanned through the beam to get high spatial
resolution. A third approach is a residual gas monitor or ionization profile monitor, where the
ionization products of the interaction of the beam with the residual gas atoms or molecules inside
the (non-perfect) vacuum of the tube are detected. In these devices the resulting electrons or
ions are accelerated by an external electrical field to a detector having a spatial resolution. A
profile can also be obtained by the observation of the light emitted by the residual gas molecules
excited by the beam interaction. These residual gas monitors and beam induced fluorescence
monitors are well suited as non-destructive methods for a synchrotron. When charged particles
with relativistic velocities pass a metallic foil, radiation is emitted as described by classical
electrodynamics. This light is monitored to receive the beam profile. Electron beams emit
synchrotron radiation if the trajectory is curved. Monitoring this light 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, in a synchrotron with
multi-turn injection, several cm can be reached.

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
Jg(s) = €.0:(s) + (D(s)%) and ag(s) = €y3y(s). (3.1)
In a synchrotron the lattice functions are well known, or can be measured separately. If also
the momentum spread Ap/p is known, the emittance can be calculated. (In the vertical direc-
tion the dispersion is zero in most cases, because only horizontal bending magnets are used.)
Nevertheless, the contribution due to the dispersion has to be taken into account for the inter-
pretation of the beam width. In a LINAC, the lattice functions are not so precisely fixed due
to the variable input emittance orientation, leading to a less stringent relation between profile
width and emittance.
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3.1 Scintillation screen

The most direct way of beam observation is the light emitted from a scintillation screen, moni-
tored by a commercial video or CCD camera, see e.g. [23, 24] for an overview. These devices are
installed in nearly all accelerators from the source up to the target and is schematically shown
in Fig. 3.1 together with a realization where the pneumatic feed-through mounted on a 9200
mm flange.

windo
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CCD camerd movement
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Figure 3.1: Scheme of a intercepting scintillator screen is shown left. On the right a photo from
a P43 phosphor scintillation screen of @70 mm and the CCD camera are mounted on a 200
mm flange with pneumatic feed-through is depicted.

LA Chromiusx7{Lich! 0. o ] 1

Figure 3.2: View of a Chromolux screen with a camera. The screen is illuminated by an external
light. The lines have a separation of bmm.
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When a charged particle penetrates a material the energy loss can be transformed to fluo-
rescence light, as discussed in the previous Chapter 2.7.1. The important properties of such a
scintillator are:

e High light output matched to the optical system of the CCD camera in the optical wave-
length range (450 nm < A < 700 nm).

e High dynamic range, i.e., a good linearity between the incident particle flux and the light
output. In particular, a possible saturation of the light gives rise to a deformation of the
recorded profile.

e No absorption of the emitted light to prevent artificial broadening by the stray light inside
the material.

e Fast decay time, to enable the observation of possible variations of the beam size.
e Good mechanical properties for producing up to @100 mm large screens.
e Radiation hardness to prevent permanent damage.

As stated, plastic scintillators have only low radiation hardness and various kinds of inorganic
material are used instead. In Table 3.1 some properties are given [23]; for more details see [11].

Abbreviation Material ~ Activator max. emission decay time
Quartz SiOs none 470 nm < 10 ns

Csl Tl 550 nm 1 ps
Chromolux Al O3 Cr 700 nm 100 ms
YAG Y3A15012 Ce 550 nm 0.2 S

Li glass Ce 400 nm 0.1 pus
P11 ZnS Ag 450 nm 3 ms
P43 Gdy0sS Tb 545 nm 1 ms
P46 Y3A15012 Ce 530 nm 0.3 S
P47 Y5Si5O5 Ce&Thb 400 nm 100 ns

Table 3.1: Chemical composition and some basic optical properties of inorganic scintillation
screens. The matrix AloO3 and Li-glass are ceramics in form of glasses, the last four materials
are so called phosphor screens, where powder is deposited on glass or metal plates.

The material Chromolux 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 ~100 ms and the large absorption inside
the material. Nevertheless, due to its robustness, it is quite often used. The well known Ce
activated crystal materials like YAG (Y3Al5012) have better optical properties and are widely
used for particle counting applications [11]. But it is difficult to get crystalline disks of about 10
cm diameter out of this material. Instead of the expensive single crystal disk, one can use small
grains of ~ 10 um size, deposited on several mm thick glass or metal disks. These phosphor
screens are also used very frequently in analogue oscilloscopes, electron microscopes and image
intensifiers. P46 is an example for a phosphor screen powder offering a much lower production
cost compared to the chemically equivalent single-crystal YAG:Ce. The properties of doped
materials are a strongly dependent on the activator concentration, therefore Table 3.1 gives only
approximated values.

The sensitivities of the different materials span several orders of magnitude and depend on
the particle species as well, see e.g. [25]. They are used in pulsed and cw-LINACs, for the
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transfer between different synchrotrons with pulses in the us range (e.g. [26]) and for slow
extraction from a synchrotron (e.g. [27]).

The beam image from a YAG:Ce screen is shown in Fig. 3.3 for a low current beam of only
~ 10 ions at 4 MeV /u, proving the high sensitivity of that material.
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Figure 3.3: Beam spot of a low current 4 MeV/u beam at GSI on a YAG:Ce screen recorded
with a digital CCD camera. The original black-white image is converted to false-color for better
visibility. The projection on the horizontal axis is shown on the left, the projection to the vertical
direction on the right, from [28].

For high intensity beams, one has to make sure that the material in not destroyed by the
power absorption. In particular, for slow heavy ions this restricts the use, see also the discussion
in Chapter 2.5. A disadvantage of the screen is related to the interception. The used material is
so thick (several mm) that it causes a large energy loss, so it can never be used for the diagnostics
of a circulating beam inside a synchrotron.

The screen is observed with a CCD camera. In older applications with video (i.e. analogue)
output, the digitalization is done with a frame grabber. A modern approach uses a digital link,
with a digital data transfer of the CCD pixel values. In most cases fiber optic links are used
to get fast data rates and larger cable length without signal degeneration, see e.g. [27, 28]. A
problem is the radiation sensitivity of the CCD sensor and the digital equipment. At high levels
of radiation, the old fashioned analogue VIDICON cameras are used.

3.2 Secondary electron emission (SEM) grid

When particles hit a surface, secondary electrons are liberated, escaping form the surface, as
described in Chapter 2.7.3. For the profile determination, individual wires or ribbons interact
with the beam; this is called a Secondary Electron EMission grid or a harp. A review article
can be found [29]. Each of the wires has an individual current-to-voltage amplifier. This is an
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electronic alternative to a scintillation screen with a much higher dynamic range i.e., the ratio
of minimal to maximal detectable current is orders of magnitude larger. For the metallic wires
or flat ribbons W-Re alloys are often used for their excellent refractory properties. In particular
at low energy LINACs this is important, because no cooling can be applied due to the geometry.
A photo of such a device is shown in Fig. 3.4 and the specifications are given in Table 3.2.

Figure 3.4: Profile grid for both planes with 15 wires spaced by 1.5 mm each in a different steps
of the manufacturing. The individual wires are insulated with glass-ceramics. The device is
mounted on a pneumatic feed-through to move it in and out of the beam (not shown).

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 AlsOg
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 1:108
Number of ranges 10 typ.
Integration time lustols

Table 3.2: Typical specification for a profile grid used at proton and heavy ion LINACs.

For low energies at proton or heavy ion LINACs the particles are stopped in the material
or undergo a significant energy loss. The ratio diameter-to-spacing of the wires determines the
attenuation of the beam current (and of course also the signal strength on the individual wires).
Typically only 10 % of the beam area is covered by the wires and in this sense the profile
measurement is nearly non-destructive. For energies above 1 GeV/u the relative energy loss is
negligible and large size ribbons are used. A typical example of the SEM-grid measurement used
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Figure 3.5: The measured profiles of SEM grids in one transfer line at the GSI heavy ion LINAC,
displaying the horizontal profile left and the vertical right in mm.
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Figure 3.6: Typical analog signal processing for a SEM-grid.

for beam optimization is shown in Fig. 3.5 for a transfer line.

Each wire has a individual pre-amplifier, in most cases an I/U converter, followed by a
sample-and-hold circuit, see Fig. 3.6. These electronics have to be installed close to the ac-
celerator hardware. With a multiplexer, the analog values are transported to an ADC located
outside of the accelerator tunnel. Readout of a full SEM-grid in less than a ms is typical for the
use of pulsed or dc beams.
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Application: Betatron mismatch for synchrotron injection
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Figure 3.7: Schematics for the betatron mismatched injection into a synchrotron. If the orien-
tation of the injected beam emittance does not fit the acceptance, variations of the beam profile
occur.
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Figure 3.8: Profile measurement for a mismatched injection into the CERN PS synchrotron for
the first n = 1...6 turns and the fitted square of the beam width as a function of time, from [36].

An interesting application for a 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. But then the emittance ellipse starts to rotate with an
angle per revolution as given by the fractional part g of the tune @) of the synchrotron as shown
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in Fig. 3.7. 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 blow-up. The
mismatch can be determined by recording the profile width on a turn-by-turn basis. An example
is shown in Fig. 3.8 for a proton injection into the CERN PS synchrotron with 1.4 GeV energy
and a bunch length of 80 ns [36, 37]. The revolution period is 2.2 us. 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. It results in a blow-up of the stored emittance by ~ 10 %. A better injection is created
by changing the setting of the quadrupole magnets in the transfer line.

3.3 Wire scanner

Instead of using several wires with individual, expensive electronics, a single wire can be swept
through the beam[29]. The advantage is that the resolution is not limited by the wire spacing
and therefore this technique is often used at electron accelerators with beam sizes in the sub-mm
range. It can also be applied in proton synchrotrons due to the small amount of intercepting
matter.

Figure 3.9: Pendulum scanner or 'flying wire’ used at CERN synchrotron [30].

An arrangement with a straight wire on a fast pendulum mechanics in shown in Fig. 3.9, from
[30, 31]. Scanning velocities up to 10 m/s can be achieved with a special pneumatic mechanism.
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-Bloch Eq. 2.22 gives dE/dx x p-Z/A). In addition, these materials can withstand high
temperatures without melting. The thickness can be down to 10 pym. But due to the scanned
single wire the profile is not taken at a single instant, even with high scanning velocity. Therefore
only the steady state distribution can be probed.

For the display of the profile, 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 a SEM-grid. This is done in particular
for low energy protons and heavy ions. In most cases for beam energies larger than 150 MeV /u
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for ions (the threshold for m-meson production) or 10 MeV for electrons the signal is deduced by
monitoring the secondary particles outside of the beam pipe, see Fig. 3.10. These secondaries
might be hadrons created by the nuclear interaction of the proton or heavy ion projectiles and
the wire, having enough kinetic energy to leave the vacuum chamber. For the case of electron
accelerators, the secondaries are mainly Bremsstrahlung-photons. The detector is just a type of
well suited beam loss monitor, e.g. a scintillator installed several meters away (see also Chapter
8). The count-rate is plotted as a function of the wire position as a precise representation of the
beam profile.

25000

b eam Pion threshold
secondary compute 20000 + < -
particles scintillator 2 o001 x =
_ counter - -
wire PM L 3
5000 -
position reading ol ; ;

rotation 0 200 400 600 300

Kinetic energy (MeV)

Figure 3.10: Left: Scheme of a wire scanner using the production of secondary particles as
the signal source. Right: 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 [32].

movement
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beam pipe
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Figure 3.11: Linear scanner used at CERN [33].

For the fast movement, vibration of the wire restricts the orbital resolution. A much higher
precision can be achieved with a much slower movement of, for example, only 0.1 m/s with a
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linear feed-through as shown in Fig. 3.11 [33]. With these types a resolution of 1 um is reached in
electron accelerators [34]. To get this low beam width opeqm, a deconvolution of the contribution
of the wire (4um thick carbon wire in this case) from the measured width 0,,cqs has to be done
according to

o = 02 s — 412 . (3.2)

Obeam meas wire

In most cases, the wire is mounted on a fork, which is inserted into the beam pass by a feed-
through mounted on 45°. Then only one feed-trough is sufficient for measuring both transverse
planes by mounting the wires in a crossed orientation, as shown in Fig. 3.11. If the signal
generation is performed by reading the secondary emission current than two isolated wires can
be mounted in a compact manner. If the signal is generated by beam loss monitors outside the
beam pipe, the two wires have to separated (as shown in the Fig. 3.11 left), so the wires cross
the beam one after the other.

A comparison of the wire scanner and the SEM-grid shows the advantages and disadvantages
of both types [29]:

e 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 in time will be mixed with transverse intensity variations using a
scanning device.

e In case of pulsed beams further complications may arise from the demand for exact syn-
chronization, which can be solved without any problems in case of SEM-grid application.

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

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

e For the cost of the mechanics it is vice versa: The precise vacuum actuator for the scanner
is more expensive than the pneumatic feed-trough needed for a SEM-grid.

3.4 Multi-wire proportional chamber MWPC

For slowly extracted beams from a synchrotron, the current is much too low to be measured
by a SEM-grid. One can use the amplification of electrons in a gas as done in a Multi-Wire
Proportional Chamber MWPC. For the principle of operation see e.g. [11]. As discussed
for the ionization chamber for current measurements in Chapter 2.7.2, the primary particles
traverse a gas (like 90 % Ar mixed with 10 % CHy4 or COg), creating secondary electrons. A
MWPC consists of a grid held at a high voltage, typically several kV, and a grounded grid,
which is read by a charge-sensitive pre-amplifier, like for SEM-grids. The distance between the
anode and the cathode plane is typically 1 cm and the spacing of the wires about 1 mm. The
principle is shown in Fig. 3.12. Close to the anode wires, having typically 25 ym diameter, the
electrical field increases with o< 1/r, see Fig. 3.13. After reaching a threshold, the energy of the
electrons accelerated toward the wires is high enough to knock out additional electrons from
the gas atom/molecules. This gives rise to an avalanche, which results in a ~ 10* amplification
of the number of electrons. This amplification inside the detector volume is nearly noise free
due to the electrically spoken high source impedance of the free charge carriers. The resulting
low noise could not be achieved by an electric amplifier due to its thermal noise. The following
electronics (further amplifier and ADC) and the way of displaying is comparable to the procedure
for SEM-grids.
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Figure 3.12: The scheme of a MWPC for one plane showing the type of signal generating by a
particle interaction.
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Figure 3.13: The electric field close to the anode wires with the region of amplification indicated
(left). A Monte-Carlo simulation shows the concentration of the electron avalanche by the gray
shading (right), from [35].

3.5 Residual gas monitor

A frequently used non-destructive method for the profile determination is the Residual Gas
Monitor RGM; it is sometimes also called Ionization Profile Monitor IPM. These are installed
in nearly every proton/heavy ion synchrotron for the detection of beam sizes between some mm
and several cm, a review is given in [38]. For electron synchrotrons, they are not used so
often, due to the smaller electron beam dimensions. The idea is to detect the ionized products
from a collision of the beam particles with the residual gas atoms or molecules present in the
vacuum pipe. Typical pressures for LINACs and transfer lines are in the range 1078 — 1075 mbar
containing mainly Ny and O and for synchrotrons 10~!* —10~? mbar containing mainly Hy. The
different compositions are due to the different vacuum pumps used. A scheme for such a monitor
is shown in Fig. 3.15. Due to electronic stopping, electrons are liberated and electron-ion pairs
are generated. An estimation of the signal strength can be obtained by Bethe-Bloch formula.
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Figure 3.14: The MWPC used for profile measurement of slowly extracted ion beams at the
GSL

But due to the single collision behavior, W-values (see Chapter 2.7.2) are only a first order
approximation for the conversion of the energy loss to the numbers of secondaries. To separate
the electron-ion pairs, an external electric field is applied of the order of 1 kV/cm by metallic
plates installed in the vacuum pipe, but outside the beam path. To get a more homogeneous
field, guide strips are installed at the side to get a smooth transition from the HV side to the
ground plane. Normally the residual gas ions are detected in this setup. A realization from the
GSI synchrotron is shown in Fig. 3.15 having a large opening of 17 c¢m [39].

For the LINAC case, the vacuum pressure is high and 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 [40]. In a synchrotron the pressure and the stopping power is lower. A multi channel plate
(MCP) particle detector is used as a 'pre-amp’. A MCP is made of a 1 mm thick glass plate
with round channels of ~ 10 um, see Fig. 3.16. These channels are coated with high resistivity
materials and a voltage of ~ 1kV 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 like in a photo-multiplier by a factor of typically 10% per MCP. Due to
the diameter of the channels, the spatial resolution of a single step MCP is in the order of 0.03
mm. For higher amplifications a two step device (s.c. 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:

e A SEM-grid made of wires with ~ 0.5 mm diameter and 1 mm spacing. The advantage
is the fast readout possibly using appropriate electronics [41]. The disadvantage is the
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Figure 3.15: Left: Scheme of a residual gas monitor for the horizontal profile determination.
Right: The large aperture residual gas 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
read-out behind the MCP (bottom) is done with an array of 63 wires with 2 mm spacing.

limited spatial resolution.

An anode type using particle detection schemes, like wedge and strip anodes or resistive
anodes, see e.g. [42]. It is based on the detection of single particles, leading to the
advantage that the resolution can be improved by collecting data with high statistics up
to the spatial resolution limit of the MCP.

A phosphor screen installed close to the MCP back side. The secondary electrons create a
light pulse, which is imaged by a CCD 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 CCD camera. But with this technique the time resolution and
the image repetition rate is limited by the CCD camera frame-rate of about 100 frames
per second. For faster readout the CCD is replaced by a photo-multiplier or avalanche
diode, e.g. [43].

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 lab-frame by the angle between the
transverse- and longitudinal velocity. During acceleration, the longitudinal velocity increases
(for the non-relativistic case), while the transverse component remains. Therefore the angle
between both decreases. This is called transverse adiabatic damping by the conservation of
the normalized emittance, see also the discussion for Eq. 4.18. In Fig. 3.17 this decrease of
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Figure 3.16: Scheme of a single MCP made of a glass plate with small channels, where the
amplification of the secondary electrons takes place.
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Figure 3.17: The evolution of the beam profile during the acceleration of U™ from 11 MeV /u
to 500 MeV /u within 0.8 s at the GSI synchrotron.

the beam width is demonstrated for the acceleration of an U™* ion beam from 11 MeV /u,
corresponding to 5 = 15% to 500 MeV /u, corresponding to § = 75%. A residual gas monitor
is a non-intercepting device, well suited for long-time observation without any influence on the

beam.

Application: Transverse cooling

An example for the importance of a profile measurement is shown in Fig. 3.18 at the GSI
synchrotron, where beam cooling is applied. Cooling is often used to get a high brilliance beam
by a shrinkage of the transverse emittance and momentum distribution. This is important for
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high resolution experiments or for the increase of the number of stored particles using so called
stacking methods. This is performed by electron cooling (see e.g. [45]) or stochastic cooling (see
e.g. [46]). In Fig. 3.18 the effect of transverse cooling is clearly seen.
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Figure 3.18: The profile during an electron cooling cooling process for an 11 MeV /u Ar'®+ beam
at the GSI synchrotron. Five profiles from the injection (broad peak bottom) to the maximal
cooled profile recorded at different time during the cycle. The inlet shows the standard deviation
of the profile as a function of time.
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Figure 3.19: Model calculation of the beam broadening due to the space charge field of a U™+
with 10Y particles per 3 m bunch length (left). The resulting relative broadening using a residual
gas monitor with ion detection (right) is plotted for this current. The parameters are valid for
an intense, cooled ion beam.

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

The residual gas ions or electrons are accelerated toward the detector with an external electri-

cal field. But the beam, made of charged particles, also carries an electrical field, the space

charge field, which influences the trajectory in addition. The radial electrical field Espqce of a

round beam is given non-relativistically for a Gaussian distribution with standard deviation o
(FWHM=2.35 - o) by

_ .ﬂ.l(l_eﬂm)'

2Teq l r

Espace('r') (33)
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The field is radially symmetric in this case. geN/l is the number of particles in charge state
g per unit length. For high current operation this field strength is comparable to the external
field, see Fig. 3.19. The residual gas ions or electrons are accelerated by both fields, leading to
a broadening of the measured profile, see Fig. 3.20. To get an estimation of the real beam size,
the correction can be calculated via
2 2 2

Obeam =~ 9meas — 9corr- (34)

Ocorr 18 given in a first order approximation by the beam space charge and the external field

according to

e21n 2 1
o2 = ———— dgap - ¢V - i
exr

T Areg/mpc?
The correction is proportional to the number of particles N. It is inversely proportional to the
square root of the external field (created by the static voltage U.y) and therefore an increase of
the external field has only a relatively weak influence on the broadening. A large distance dgq)p
between the two high voltage electrode results in a longer drift time and therefore in a prolonged
influence of the space charge field. To calculate this correction for a real case, the beam has to
have a Gaussian distribution or a self-consistent algorithm has to be used.

The initial velocity of the ions right after the ionizing atomic collision between the residual
gas molecule and the beam particle is too low to affect the resolution (in contradiction to the
electron detection scheme, see below). For electronic stopping collisions (Bethe-Bloch regime)
the momentum transfer to the nucleus is quite small.

(3.5)

Electron detection in the presence of a magnetic field
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Figure 3.20: Schematic trajectory of an electron in a residual gas monitor with an additional
magnetic field on the right. The comparison of the trajectories of an Hj-ion and an electron
with and without a magnetic field on the left visualize the broadening due to the beam space
charge field. By applying a magnetic field the electron is fixed to the field line, as shown in the
insert. The beam parameters are: 10 U™* in a 10 m long bunch with radius 2.5 mm.

For the measurement of intense beams, detection of electrons is more suited to overcome
the space charge induced broadening, see Fig. 3.20. For this the HV is reversed, to accelerate
now the negative electrons created by the beam interaction toward the detector. If an additional
magnetic field B is applied parallel to the external electrical field, the electrons spiral around the
magnetic field lines with the cyclotron radius r. = v/2meEy;,/eB with Eg;, being the kinetic
energy fraction perpendicular to the field. This transverse kinetic energy is determined by the
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initial transverse velocity given by the kinematics of the atomic collision. The cross sections
depends on the beam and residual gas molecule properties [47], resulting in kinetic energies for
the emitted electron up to keV for the typical case. The cyclotron radius, and therefore the
detector resolution, is mainly determined by this initial energy and is nearly independent of the
beam space charge field. The projection of the trajectory in the plane perpendicular to the field
is a circle with less than 0.1 mm radius (corresponding to the spatial resolution of the MCP) if
a magnetic field of B ~ 0.1 T is applied. The movement along the field is a linear acceleration
with a typical time of flight of ~ 2 ns. The necessary magnetic field of about 0.1 T is generated
in most cases with a dipole magnet of the same type as used for the beam bending, see e.g. [43].

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 [48]. In particular, the excitation of Ny results in a
transition bands in the optical region. The band is originated by the decay of molecular ions N;
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 state). About 1 % of the energy loss in No gas is converted to the
optical wavelength interval [49]. The general scheme of a Beam Induced Fluorescence monitor
(BIF) is shown in Fig. 3.21 and reviewed in [38].
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Figure 3.21: Left: General scheme of the profile determination via detection of the residual gas
fluorescence. Right: Scheme of an image intensifier consisting a photo-cathode, a MCP and a
phosphor screen.

In LINACs the most prominent vacuum constituent is No; if the signal strength is not large
enough, a pressure bump of Ny gas can be injected in the vacuum pipe with the help of a
regulated gas valve. The fluorescence can be monitored by an image amplified CCD camera
[50]. The advantage of this non-intercepting method is, that nothing has to be installed in the
vacuum pipe and the commercially available CCD data acquisition can be used. The rate of
photons Nppeton for the detected light is given by

dE f Q Ineam
N, As-p- 2.2,
photon ¢ ds 5tp hv 4m  qe

(3.6)

where %—EAS is the energy loss of ions with charge state ¢ in Ny for an observation length s
and the pressure p, f ~ 1 % the fraction of the light conversion to hv and € the solid angle
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Horizontal BIF

Figure 3.22: The installation of the BIF monitors at the GSI-LINAC consisting of two intensified
cameras for the horizontal and vertical profile measurement, respectively.

o
viewport size N
§ o
| E
L
é—:l oig
3 <
2 e
185
I >
o
R B
o 0 ol

aver. pixel int.

Figure 3.23: Image of a 250 pus Ar'%t beam of Ipeqm = 2.5 mA and a vacuum pressure of 107°
mbar recorded at the GSI LINAC. The original image (recorded with a double MCP intensifier)
is shown and the projection for the vertical profile [50].

converted by the CCD. In the image intensifier (see Fig. 3.21) the photons hit a photo-cathode
and with a probability of about 20 %, electrons are created. Low noise photo-cathode materials
are available having a matched wavelength sensitivity. The electrons are accelerated toward a
MCP and amplified by a factor of maximally 10% as described above. A phosphor screen, with
decay time of 100 ns converts the electrons back to photons, which are then imaged by the
CCD camera via relay optics or fibers. The total conversion efficiency can be up to 15%, i.e.
15% of the arriving photons are visible as a light-spots in the image. An example is shown in
Fig. 3.23 recorded at the pulsed LINAC at GSI with a Ar-beam. Single photon spots are visible
on the image, but the projection along the longitudinal direction shows a profile with sufficient
statistics [50]. The method is also applied for higher energy at CERN SPS [51].
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3.7 Optical transition radiation screens

At electron accelerators with relativistic particles the profile is determined from the electro-
magnetic radiation at an intercepting thin metallic foil by the so called Optical Transition
Radiation OTR. The OTR is a pure classical electrodynamic process including special relativity,
as produced by a charged particle passes from one medium into another. At the vacuum in front
of the foil, the particle has a certain electro-magnetic field configuration, which is different from
the field inside the medium, because the foil has a (complex) dielectric constant different from
vacuum. By approaching the foil, the particle’s electro-magnetic field leads to a time-dependent
polarization at the foil boundary. The change of this polarization emits the radiation, which
combines coherently from different points at the foil to a characteristic intensity and angular
distribution.

beam
radiation
cone
beam pip
window

lens + filter intensified
CCD camer

mirror

Figure 3.24: The scheme of an OTR screen measurement.

A typical setup of an OTR measurement is shown in Fig. 3.24. The foil is inserted under
45° with respect to the beam path in most cases. The foil is made of Aluminum or Aluminum
coated on Mylar with a thickness 1 pum or less. The light is emitted in the forward direction as
well as at 90°, because the metallic surface acts as a mirror. Depending on the particle energy,
the angular distribution is peaked at the angle § = 1/~ with  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 with a CCD camera. In most
cases an image amplified CCD device is used due to the relatively low number of photons.

The general process is treated in e.g. [12, 52, 53] leading to closed form, but extensive
formulas. For relativistic beam particles and some other valid assumptions, the radiated energy
dW into a solid angle df2 per frequency interval dw can be approximated by

AW pgee? 62

dQdw ~ 4m3 (v=2 + 62)? (37)

with ug, ¢, e, v are the permeability of the vacuum, the velocity of light, the elementary charge
and the relativistic Lorentz factor, respectively. The observation is done at an angle 6 perpen-
dicular to the beam path, the so called specular angle, see Fig. 3.24. There is no difference of
the radiated energy for electrons or protons, reflecting the fact that only the electro-magnetic
fields of the beam particles are concerned. Note that the radiated energy doesn’t depend on the
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frequency w, i.e., the whole spectrum in 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. For higher photon energies
than 10 eV, the behavior of the metal is not longer described by classical electrodynamics. The
radiated energy of Eq. 3.7 is converted to the number of photons by W = Nppoton - fitw observed
within a wavelength interval from Apegin to Aeng in the optical region by the CCD camera,
yielding the number of photons per solid angle

dN, oton 2 A egin 92
— "photc — {Vbeam * poce : lOg g ’ 2 (38)
s 4h3 Xend (v-2 + 62)

with Npegm is the number of beam particles. This function is plotted in Fig. 3.25 for three
different values of . It is clearly seen that the radiation is more tightly focused for higher
energies (more precisely high value of the Lorentz-factor ), having the advantage that a larger
fraction of the photon reaches the CCD camera. For lower particle energies, like in most proton
accelerators, the light yield and opening angle is too large for a practical application. Only for
proton energies above ~ 10 GeV such devices are installed [54].
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Figure 3.25: The intensity distribution of OTR as a function of the observation angle for three
different value of «v. The corresponding beam energies for electrons are also given. The photon
intensity is enhanced by a factor of 1000 for v = 50 and 100 for v = 200 in the plot.

The angular distribution in Eq. 3.8 is given for a single particle incidence. A real beam
has an angle distribution for the beam particles, which have to be convolved to yield a realistic
photon distribution. Assuming a Gaussian beam angular distribution with a standard deviation
Opeam, the photon angular distribution is modified by the convolution as

dehoton _ Nbeam . ,UO—CE; . IOg <Ab€gin> . /OO 1 exp < 0 )2 . (9 — 9’)2 2d0/'

dS) 4hm Aend oo 2T Obeam, 20peam <7_2 . 0/)2)

(3.9)
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 [55, 56].

For the profile observation, the focus of the CCD optics coincides with the OTR screen. For
the measurement of the photon angular distribution, the focus is set to infinity. Using the latter
setting, the angular distribution of the beam can be evaluated. Doing both types of measure-
ments (focus on foils yield the profile, focus on infinity yield the beam angular distribution)
a transverse emittance measurement can be performed, see e.g. [55]. Again, the Fraunhofer
diffraction has to be taken int account, limiting the resolution of the emittance measurement.
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The OTR profile determination has some advantages and disadvantages compared to a scin-
tillating screen measurement [23]:

e It is based on a classical electrodynamic process, leading to a strict linearity between the
number of photons and the beam intensity.

e The number of photons and their distribution is independent of the thickness of the foil.
Therefore very thin foils down to 0.25 pm can be used. In most cases a pure Al foil or Al
coated on Mylar is preferred.

e [t is still an intercepting method, but a thin foil minimizes the influence on the beam due
to the low scattering probability. It can be applied also at high beam power, because of
the low energy loss in the thin, low Z material.

e A measurement of profile and beam angular distribution yield the emittance of the beam.

e It is mainly used for electron beams with energies above 100 MeV. For proton beams, the
needed 7 is only reached at the very high energy accelerators.

e The disadvantage is the contribution of the photon angular distribution in Eq. 3.8, which
might limit the resolution. This is different for a scintillation screen, where an isotropic
emission occurs and the diffraction starts to become important at much smaller beam
sizes.

e The usable light of a OTR screen is orders of magnitude lower than for a scintillation
screen. Therefore the more advanced and expensive techniques of image amplification
have to be used.

3.8 Synchrotron radiation monitor

For electron accelerators, the effect of synchrotron radiation, emitted by accelerated electrons,
can be used for a profile determination. As known from classical electrodynamics [12] the
radiation power Pgy,qp is given for a momentum change dp/dt of a particle with mass mg by

e’c dp 2
P, =——|—| . 3.10
syneh = G reo (moc?)? [dt} (310)
For linear acceleration we have dp/dt ~ dW/dx. Taking typical values of dW/dz = 15 MeV /m
for the energy gradient of a LINAC, we find that the radiated power is negligible. This is
completely different in circular machines. Taking into account that dp/dt = p - v/R we obtain
for the radiation power from a bending magnet

e2e w4

Pr=—————. 11
6meg(moc?)* R? (3.11)

For comparison of the radiation from electrons and protons for the same energy we have the
ratio

Pprotons -

synch

Pgeciors [931MeV
hllkeV

4
} ~ 1013, (3.12)

which means, that the power radiated by electrons is 10'3 time higher than for protons of the
same energy.
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Figure 3.26: Forward peaked synchrotron radiation for relativistic particles from a bending
magnet.
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Figure 3.27: Scheme for a synchrotron radiation profile monitor observing the radiation from a
dipole.
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Figure 3.28: Scheme of the optical system for synchrotron radiation profile monitors and a 1:1
image explaining the diffraction limit.
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In the center-of-mass system the radiation is perpendicular to the momentum change. The
Lorentz transformation to the laboratory frame gives a factor of v, yielding a forward peak
distribution with opening cone of half angle v. This is demonstrated in Fig. 3.26.

The light emitted by the electron’s bend in a dipole magnet can be used to monitor its
horizontal and vertical beam profile, as schematically shown in Fig. 3.27 and reviewed in [57].
For diagnostic purposes, the optical part of the emitted spectrum is observed in most cases
by using optical bandpass filters. For this wavelength, high quality optics are available and
standard CCD 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
we can apply some approximation, see e.g. [58]. For the horizontally polarized synchrotron light
of wavelength A the radiation by the electrons is emitted into a cone with opening angle of

a =041 (\/p)"3, (3.13)

with p being the radius of the bending magnet. For the optical system a 1:1 image from the
beam spot to the CCD camera is obtained by a focusing lens of diameter D separated by a
distance L from the beam and from the CCD, see Fig. 3.28. 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

o= 3D/L (3.14)

Combining both equations together with the geometrical dependency D ~ 2aL yields the reso-
lution due to diffraction s
o~06()2-p)"° . (3.15)

A small width of the diffraction pattern and therefore a good resolution is achieved for the given
optical system by [59, 60]:

e using dipole magnets with small bending radius p; but this radius is fixed by the accelerator
construction.

e a short wavelength; but due to technical reasons (optic components, CCD camera) it
should not be shorter than near UV of A > 300 nm.

Typical limits are in the order of ~ 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.

A realization of a synchrotron light profile monitor is shown in Fig. 3.29 at CERN LEP
[61]. The bending radius is here 3.1 km and the diffraction gives the largest contribution to the
resolution by about o ~ 300 pm, which is comparable to the real electron beam size close to
the final energy. The setup consists of a metallic 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 spoil the optical quality. With the help of some 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 CCD camera. Even though the resolution is not too high,
this relatively straight forward system can be quite helpful due to its non-destructiveness, as
demonstrated in Fig. 3.30 from the synchrotron light source APS [62].

The diffraction limit can be compensated by using an interference technique by a double
slit as known from astronomy. From the distance of the minima of the interference pattern,
the beam width can be calculated. A scheme of this is presented in Fig. 3.31. Due to the
non-coherent emission by an ensemble of electrons, the fringes fade-out for large beam sizes. A
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Figure 3.29: The synchrotron radiation profile monitor at LEP. The optical system is installed
close to the 23 m long dipole magnet with bending radius of 3100 m, from [61]
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Figure 3.30: Image of the electron beam in the APS accumulator ring (Argonne National Lab.)by
a synchrotron radiation monitor [62].

63



resolution down to the ym range has been realized with this method. For more details see e.g.
[63].

A higher resolution can also be achieved by monitoring the profile at much shorter wave-
lengths. X-ray pin-hole cameras are used for this purpose. Only the emitted x-rays, scraped by
a typically ¥@1 mm aperture of high Z-material are recorded with a detector.
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Figure 3.31: Schematics of a double slit synchrotron radiation interferometer.
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Chapter 4

Measurement of transverse
emittance

The emittance describes the quality of a beam. Its determination is based on profile measure-
ments. It is unimportant what method of profile measurement is used, as long as it has an
adequate resolution. In the following we start with a slit-grid and pepper-pot device, where the
spatial coordinate is fixed by an aperture and the angle distribution is measured. This is suited
for particles having a range in matter below ~ 1 cm i.e. proton or ions with Fy;, < 100 MeV /u.
The emittance can also be determined by fitting the beam envelope, measured at one location
with different focusing conditions or at different locations. This can be applied to transfer lines
for all particle conditions. But here it is problematic to include emittance growth due to space
charge forces, i.e., blow-up of the transverse size due to the forces between the charged particles.
A detailed review on the involved physics, technologies and data acquisition is given in [64].

In a synchrotron it is sufficient to measure the beam profile at one location only. The
orientation of the ellipse, which is equivalent to the knowledge of the lattice functions dispersion
D(s) and [-function (3(s), is fixed (or can be measured separately). The emittance is calculated
from the beam width o via

st - ()

4.1 Definition of the emittance

2
Ty

By(s)

and €y = (4.1)

The motion of the beam particle can be described by a linear second order differential equation.
This assumes the absence of any non-linear coupling, like space charge forces or beam-beam
effects. The beam quality is given by the phase space volume, which is in this case a constant
of the motion. The emittance for one plane is defined by

€r = l/ dxdx’, (4.2)
T™JA
where A = 7e is the area of the phase space occupied by the beam, see Fig. 4.1. A determination
of the emittance is equivalent to the determination of the distribution of the spatial coordinate
x (i.e. the beam profile), the distribution in angle 2’ and the correlation between x and 2.
The interpretation of an area assumes a hard-edge, homogeneous distribution. A more
realistic case is the Gaussian density distribution p(x,z’) defined at the position of the vector
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Figure 4.1: The emittance ellipse and the projection to space- and angle coordinates for a
Gaussian density distribution. The values of the independent variables are given in units of the
standard deviation.

Z = (x,2'). The value of emittance is then given by

1 oo o0
ex:—/ /p(a:,a;')da:dx/. (4.3)
T

—00 —O0

and include 100 % of the particles. A Gaussian distribution p(z,2’) can be also expressed by
Z = (z,2') and the symmetric beam matrix o

o — < o011 012 ) (4.4)
012 022
at one location s in the beam line. The beam matrix ¢ is a representation of the beam ellipse
at this position s along the beam path. The 2-dim density is then

p(z,2') = L exp [—133’T0_133’] = 27T1€x exp [2deta (022x2 — 201021 + Ullx'2>] . (4.5)
The profile distribution P(z) is obtained by integrating the density p over 2’ as P(x) =
[ p(x,2')da’ and the parameter (/o717 is the standard deviation of this distribution. /o2 is
the corresponding value for the angular distribution P(z’) obtained by integrating p(z,x’) over
z as P(2') = [ p(x,2')dz. 012 describes the correlation between z and 2’ and is related to the
angle of the ellipse. The absolute value of the emittance can be defined using this notation as

€; = Vdeto = /011099 — 0%2 (4.6)

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

. . 2
inside the area of 7 - /011022 — 075.

Frequently the Twiss parameters are used, which are the beam matrix elements normalized
by the emittance as

a = —o13/€ B =o11]¢€ v = 099 /€. (4.7)
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The beam matrix is then

J:€.<_ﬁa —70‘> (4.8)

and the equation of the beam ellipse can be written as
va? + 20x2’ + B> =€ with the normalization By — a? = 1. (4.9)

The width of profile- and angular distribution is given by

Te = +/o11 = Vb and Tl = /022 = \/€7. (4.10)

Their geometric meaning is one standard deviation of the transverse profile and angular distribu-
tion of the beam. The geometrical size of the phase space ellipse is changed along the beam pass
s; therefore the parameters a(s), 5(s) and (s) are functions on the position s. In particular, for
a synchrotron ((s) is called the beta-function, describing the beam size via z,(s) = /€ - B(s).
For comparison to calculations one prefers analytical descriptions of the density distribution.
One example is the Gaussian distribution of Eq. 4.5, other functions are discussed e.g. in [65].
But the beam doesn’t always have a Gaussian shape. For any arbitrary phase space distribution
the beam emittance can be calculated via the statistical moments of a 2-dim distribution p(x, 2’)
1. To describe the beam quality via the emittance the rms value (root mean square) can be

calculated as
(D w
€rms = \/d t( <xm/> (x/2> > - \/< 2>< > < >2 (4’16)

!The first moments of a density distribution p(z,z’) is called expectation value and is defined as

oo oo oo oo

| [z plz,z')dz'dx [ [ 2 p(z,2")dzds’
p=(r) = =2 and p = (2) = == (4.11)
f f p(z,z'")dxdx’ I [ plz,2)dxds’
The n'™ central moment of a density distribution p(x,z’) calculated via
[T @=—w plo,a')da'da T @ =y oo deds’
(@) = %= and (@) = ——o— : (4.12)
I [ plz,z")dzdz’ [ [ plz,a)dzdx’
Using the abbreviation P(x) = fp (z,x")dz" and P(z fp (z,z")dz as in Fig. 4.1 this is equivalent to
[ @=w" - P@)da | @ )" P(a')da’
(a") = —=—— and (2") = ——— (4.13)
[ P(z)dz J P(z')daz’

The second moments with n = 2 are called variance. If the variance is positive, its square root is the standard
deviation o, = \/(x?) and o,/ = \/(2'?) .
The mixed quantity (zz’) is called covariance and is defined in an analog way via

[ [ z2' p(z,2")dzdx’

(zz') = . (4.14)

[e e o}

I [ plz,2)dxd’

—00 — 00

A measurement leads to discrete values of the density distribution at distret steps p(x,z}). The first moment is
calculated for this case via

Zi,j :17; p(:cl,x;)
Zi,j p(:Ci7x;»)

Zi i T p(:l’“z;) / /
p= (o) = S BN g =) =
Zi,j p(mhxj)

and the other quantities in a corresponding manner.

(4.15)
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and follows the same general mathematical role as Eq. 4.6.
For a Gaussian distribution the fraction f of the beam inside the certain value of the emit-
tance can be expressed via the rms value as

E(f) = —2T€pms - In (1 - f) (417)
leading to the following table:
factor t0 € ‘ 1:€rmms T €rms 2T €rms 4T - €pms  OT - €rms 8T+ €Epms
faction of beam f [%] | 15 39 63 86 95 98

When a certain value of emittance is given for a beam one has to check carefully its meaning,
because there is no common definition for the emittance around the different accelerator facilities
to what level of beam fraction for a given emittance value is referring to.

The emittance is a quantity defined in the laboratory frame due to the definition of the
divergence. When a beam is accelerated, the divergence shrinks (’adiabatic damping’) due to
the changing ratio of longitudinal velocity vs to transverse velocity v,: 2’ = v, /vs. To compare
emittance for different longitudinal momenta p; = mgq - Ve - Vs, the normalized emittance €,0pm

v,
€norm = ?S’Yrel - € (418)

is referred to a value vs/c - v = 1, i.e. to a beam velocity vs = \/g c¢c=0.71-¢. (cis the

velocity of light and 7, = 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.

4.2 Slit-grid method

Hardware Analysis
movable movable phase space
transverse  Slit, opening dit SEM-grid o
[ ]
profile ‘beamlet’ «&‘W«é«”@ angle
LT SR % "Wq\%g.@v"‘}: \“' ‘.‘0‘: . . H
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emittance
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Figure 4.2: Scheme of a slit-grid emittance measurement device.

A popular method at proton/heavy ion LINACs with penetration depth below 1 c¢m is the
slit-grid device. Here the position x is fixed for one direction with a thin slit having an opening
of typically 0.1 to 0.5 mm. In the perpendicular direction the full beam is transmitted to get
a large signal. The angle x’ 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 [66, 67]. The contribution to the emittance
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Figure 4.3: Emittance measurement using a slit-grid device with a low energy ion beam after
the source.

plot in the phase space is given by the angle distribution at the slit location. The slit is then
scanned trough the beam to get all positions. The data have to be normalized to a constant
beam current as measured e.g. by the beam charges hitting the slit. After making the full scan,
the emittance is plotted and the rms-value is calculated from the data. A fit with an elliptical
shape is drawn to the data and the Twiss parameters can be calculated from this fit. An example
is shown in Fig. 4.3 for a low energy ion beam as a contour or 3 dimensional plot. This method
can also determine more pathological phase space distributions, not only Gaussian distributions.
Close to an ion source this happens quite often due to the large space charge forces or the large
profile width, where aberrations of the magnets start to play a role.

The resolution for the space coordinate Ax is limited by the slit width Ax = dg;;. The angle
resolution Az’, measured at the distance d, is given by the radius of the wire 7. and the width
of the slit resulting in Az’ = (dg;; + 2rwire)/d. The size of discrete elements in the phase space
is given by Az - Ax’. This leads to a discretization error, in particular in the case of small beam
sizes (focused beam) or small angle distributions (parallel beam). The resolution is improved by
scanning the SEM-grid in steps lower than the distance of the wires dy;e, increasing the density
of the discrete elements in the phase space analysis. This can lead to overlapping elements,
because their size Az - Az’ stays constant. The same holds for a movement of the slit with step
sizes lower than the slit width.
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Figure 4.5: Photo of the hardware of a pepper-pot emittance device including the laser for
calibration (right side), the CCD-camera (left), the pneumatic feed-through for the pepper-pot-
screen support (right back) and the feed-through of the movable mirror for the laser light.

4.3 Pepper-pot device

Using a slit-grid device, the slit and the SEM-grid have to be scanned trough the beam, which
takes some time: 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
determinations for the two transverse planes have to be done separately. Having a matrix of
holes in a plate, such a measurement can be performed within one shot. Moreover, if the ion
sources may have fluctuations from pulse to pulse, the emittance is measured for a single beam
setting. This is performed with a pepper-pot device [68, 69], shown in Fig. 4.4 schematically and
a realization in Fig. 4.5. As an example, the pepper-pot plate of the GSI device has holes with
0.1 mm diameter and 3 mm spacing. To display 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. 4.6 (top). This calibration has to be performed before each beam measurement to prevent
errors from probable misalignments. Relative to this, the position and size of the beamlets’
spots created by the holes are determined, see Fig. 4.6 (bottom). For the device used at GSI
[68], 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
Aly0O3 due to the high beam intensities. Other materials can be used for the screen, e.g., the
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discussed phosphor screens.

Figure 4.6: Screen shots of the pepper-pot device with a laser beam for calibration (top) and 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 [70].

The analysis for the emittance plot can be done by the evaluation of the individual spot’s
angle distributions; in this case even coupling of the two transverse planes would be detectable.
Alternatively, the data are projected to both transversal planes, as shown in the insert of Fig. 4.6
(bottom). The analysis for the phase space plot is similar as for the slit-grid method. For an
estimation of the resolution, the arguments are comparable to the one for the slit-grid device:

e A good spatial resolution is generated by the illumination of many holes having small
distances. But one has to avoid overlapping of the beamlets at the screen to distinguish
the contributions of the individual holes.

e The diameter of the holes should be small, but then the signal strength goes down.

In general, the resolution is inferior to the slit-grid, where the movable slit can have much
smaller increments than the distance between the holes. Moreover, small holes lead to significant
contribution of Fraunhofer diffraction of the laser light.

Like for every destructive measurement, one has to evaluate the total beam power to prevent
melting of the uncooled pepper-pot aperture.
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Figure 4.7: The horizontal emittance of the data above, including the projection to the axis.

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 3 or more positions along a transfer
line, as schematically shown in Fig. 4.8 and Fig. 4.10. To derive the emittance from such a
measurement, linear transformations are used. The described measurement is just the reverse
of normal transport calculations with codes like TRANSPORT, MAD, WinAgile or MIRCO:
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 input of the line by using the same transformations in reverse (see below).

For LINACs with a straight, non-dispersive transfer line, the transformation from a location
so to s1 is given by the 2 x 2 transfer matrix R. Important examples for these matrices are:
Drift with length L:

1 L
Rarift = < 01 > (4.19)

Horizontal focusing quadrupole with quadrupole constant k and effective length I:

1
Rfocus - eos \/El vk o \/El (420)
—VksinvVkl  cos Vkl
Horizontal de-focusing quadrupole with quadrupole constant k£ and effective length [:
cosh vkl L sinh V&l
Rdefocus = . vk . (4.21)
—Vk sinh Vkl cosh Vkl

For an ideal quadrupole with field gradient g = Bpoje/a, Bpole is the field at the pole and a the
aperture, the quadrupole constant is k = |g|/ (Bp), for a magnetic rigidity (Bp),,.

A determination of the emittance at the position sg is equivalent to the evaluation of the
beam matrix o(0) at this position. The beam matrix is transformed to a second location s; with
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Figure 4.8: Variation of a quadrupole strength for the determination of the emittance at the
location sg.

the help of the product of transfer matrices for the individual elements R = || Relements vVia
o(1) = Ro(0)RT (4.22)
The beam width 2,4, (1) is measured at s; and the equation for the element o11(1) is given by
Tpaz(1) = 011(1) = RF1011(0) + 2R11 R12012(0) + Riy022(0). (4.23)

This is a linear equation for the unknown three beam matrix elements 0;;(0) at location s, in
Fig. 4.8 in front of the focusing quadrupole magnet.

To get a solution, we need at least three different settings of the quadrupole strength k;,
and therefore different transfer matrices R(k;) leading to three different readings of the profile
width as depicted in Fig. 4.8. Assuming ¢ = 1, 2...n different settings of the quadrupole strength
k1,ks...k, and n measurements of the beam width 22 (1,k;) = o11(1, k;) a redundant system
of linear equations is obtained in the form

o11(L, k1) = R3 (k1) 011(0) + 2Ry1 (k1) Riz (k1) - 012(0) + Ria(k1) - 022(0) focusing ky
0'11(1, k‘Q) = R%l(kg) . 0'11(0) + 2R11(1{72)R12(k‘2) . 012(0) + R%Q(kg) . 0'22(0) fOCUSng ko

o1(Lkn) = Rii(kn)-011(0) + 2R11 (kn) Ria(kn) - 012(0) + Ria(kn) - 092(0) focusing ki{4.24)

The solution of this system are the values of the beam matrix ¢;;(0) (or equivalent the Twiss
parameters) at the location s, the entrance of the quadrupole magnet. With theses values, the
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Figure 4.9: Profile width determined with a SEM-grid for a quadrupole variation and the
parabolic fit.

size and orientation of the phase space ellipse is fixed. For three measurements (ki, ko, k3) we
can have a unique solution, but nothing is learned about the errors. Therefore more than 3
measurements have to be performed, leading to a redundant system of linear equations. The
solution is reached by a least square fit to the best parameters of 0;;(0) or by solving the linear
regression problem via so called normal equations. Both algorithms are described in textbooks
of Linear Algebra or Numerical Mathematics.

An example is shown in Fig. 4.9 performed at the GSI LINAC. To get 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.

Instead of solving the redundant system of linear equations, one can start from the parabola
fit of the beam size as a function of the quadrupole strength as shown in Fig. 4.9. The most
frequently used case it a quadrupole follow 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:

Rfocus:<_11/f (1)>E<[1( ?) (4.25)

After a drift of length L one gets the full transfer matrix

1+ LK L>

R = Rarift - Rfocus = < K 1 (4.26)

Inserting this matrix into Eq. 4.22 for the transformation of the beam matrix (1) = Ro(0)R”
one gets for the measured beam matrix element o11(1) = 22,,,.(1):

o11(1) = L?011(0) - K? + 2 (Lo11(0) + L?012(0)) - K 4 011(0) + 2Lo12(0) + L*092(0) . (4.27)
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This is the expected quadratic function in the quadrupole gradient K. From the beam width
measurement for various quadrupole setting a parabola fit is performed as done in Fig. 4.9 with
the fit-parameters a, b and ¢ (this parametrization is chosen to yield a simple expression for the
absolute value of the emittance as shown for Eq. 4.31 below)

o11(K) = a(K —b)? + ¢ = aK? — 2abK + ab® + c. (4.28)

A comparison of the coefficients of the last two Eqn. 4.27 and 4.28 yields

a = L2011(0)
—ab = Loy1(0) + L?012(0)
ab* +c¢ = 011(0) + 2Lo12(0) + L?092(0) . (4.29)

These linear equations can finally be solved and the result are the requested matrix elements at
the entrance of the optical system:

a
O =
a (1
a0 = gz (+0)
1 2ab
o) = gz (@ et ). (4.30)

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

¢ = /Aot (0) = 1/011(0)022(0) — 0%, (0) = \2—3_‘3 . (4.31)

Be aware, that the fit-parameters have some units as given in Eq. 4.28.

The described method is based on linear transformations and conservation of the emittance
during the manipulation. Moreover, an elliptical shape of the emittance is assumed. This
is a good assumption as long as non-linear effects, like space charge forces, are low. If the
investigations are done with intense beams, an emittance blow-up may occur, depending on the
particle density, i.e., on the beam size. But the size is to be changed and even a waist has to
be created. For high intensity beams, self-consistent algorithms have to be applied to get an
estimation of the emittance at the quadrupole entrance, see ,e.g. [71].

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 is easier to perform at long transfer lines, where
the profile monitors are installed anyhow. There is no general restriction to the involved linear
optics, e.g. dipoles can be included with their known transfer matrix Rgipole-

The profile has to be measured at three or more locations, see Fig. 4.10. To get good
accuracy, one profile monitor should be close to a beam waist. For the determination of the
beam matrix elements 0;;(0) at the entrance of the line sg, the profile widths and therefore the
beam matrix elements o11(n) are determined at n different locations s,,. A system of redundant
linear equations for the entrance emittance o;;(0) is given by

o11(1) = R%l(l) <011(0) + 2R11(1)R12(1) - 012(0) + R%Z(l) - 092(0) R(1) : 59 — s1
011(2) = R%l(Q) <011(0) + 2R11(2)R12(2) - 012(0) + R%2(2) - 092(0) R(2) : 59 — s2

all(n) = R%l(n) . 0'11(0) + 2R11(7”L)R12(’I’L) . 012(0) + R%Q(n) . 0'22(0) R(’I’L) 180 — Sn(4.32)
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Figure 4.10: Scheme for the emittance determination at a transfer line using a profile measure-
ment at three locations.

This is a similar formula as for the quadrupole variation (Eq. 4.24), but the transfer matrix R(%)
describes now the beam transport from the starting point of the transfer line sy to the location
of the individual measurements s;. The algorithm of the emittance calculation (least square fit
or normal equations) is the same as for the quadrupole scan. Such a measurement is shown in
Fig. 4.11, compared to the fitted beam envelope, to visualize also the possible errors. In practice
the parameters of the entrance ellipse are fitted to match the measured profiles using a linear
optics code (e.g. TRANSPORT, MAD, WinAgile) for this line.

To get a reliable measurement, the transfer matrix R(n) should be an adequate description
of the action of the optical elements on the beam. In particular, one has to make sure that the
beam center passes the quadrupoles on their magnetic axes, i.e. no ’steering’ of the quadrupoles
is present. This might be a source of errors in practical situations. 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 action on the beam also into account. This results in a dispersion
D, i.e., a coupling between the momentum spread 6 = Ap/p and the transverse beam size with
Az = D - Ap/p. For the transport matrix we get an additional matrix element Rj3. Also,
a dipole has an influence of the angular distribution called angular dispersion, resulting in a
additional matrix element Ros. The single particle trajectory is now made of a 3-dim vector
Z = (z,2', Ap/p) and the transfer matrix R is now a 3 x 3 matrix. The effect of dispersion has
to be included into the symmetric beam matrix o with three new elements o3, 093 and o33 .
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 (redundant) system of linear equations for
0i;(0) in Eq. 4.24 and Eq. 4.32.
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Figure 4.11: 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.
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Chapter 5

Pick-ups for bunched beams

The longitudinal bunch shape as well as the position of a beam is usually determined with
pick-up plates. The idea is to measure on an insulated metal plate the charges induced by the
electric field of the beam particles, see Fig. 5.1. Because the electric field of a bunched beam is
time dependent, an ac signal is seen on the plate and the coupling is done using rf technologies.
The principle signal shape, as well as the most often used types of pick-ups are described.
The application is the determination of the beam position (center-of-mass). To this end, four
pick-up plates are installed and the difference of the signals yields the center-of-mass in both
transverse axes. This installation is called a Beam Position Monitor BPM. In a synchrotron,
the closed orbit is determined by the BPMs. Measurements based on this position information
are discussed, namely the determination of the tune and the lattice functions of a synchrotron.

| image(t) - Ibeam (t)

image charges S

© 0O 0000 0 o o &

| E 0
<§z/@@<f® Dﬁ

beam pipe

Figure 5.1: The beam current induces a wall current of the same magnitude but reversed polarity.

5.1 Signal treatment of capacitive pick-ups

As shown in Fig. 5.2, a capacitive pick-up consists of a plate or a ring inserted in the beam pipe.
Here the induced image charge of the beam is coupled via an amplifier for further processing.
The plate at a distance a from the beam center has an area of A and a length in longitudinal
direction of [. The current I;;,, driven by the image charge Q;, is

szm . A . deeam(t).

dt  2wal dt (5.1)

Iin (%)

Having a beam with velocity [ we can write for the derivative of the beam charge dQpeam (t)/dt

t 1
M — Ld beam _ —L : iwjbeam(w) (52)

dt  Be dt  fe
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Figure 5.2: Scheme of a pick-up electrode and it’s equivalent circuit.

wt 1

where the beam current is expressed in frequency domain as Ipeqm = loe™ . As the signal we

use the voltage drop at a resistor R
Ui (w) =R- Iim(w) = Zt(w7ﬁ) : [beam(w) (53)

For all types of pick-up plates, the general quantity of longitudinal transfer impedance Z;(w, [3)
is defined in the frequency domain according to Ohm’s law. For more detailed discussion see
[72, 73, T4].It describes the effect of the beam on the pick-up voltage and it is dependent on
frequency, on the velocity of the beam particles 5 and on geometrical factors. It is very helpful
to make the description in the frequency domain, where the independent variable is the angular
frequency w, related to the time domain by Fourier transformation 2.

The capacitive pick-up of Fig. 5.2 has a certain capacitance C, which is determined by the
distance of the plate with respect to the beam pipe and a capacitance contributed by the cable
between the plate and the amplifier input. This amplifier has a input resistor R. Using a current
source to model the beam and the parallel connection of the equivalent circuit we can write its

impedance Z as
1 1 R

—=—+1 7 =—" .
7 R—HwC‘ — T ioRC (5.6)
Therefore the transfer function of the pick-up is
R 1 1 A wRC

Ui = : Ibeam = Zt(waﬁ) . Ibeam- (57)

1+iwRC ™~ B¢ C 2ra 1+ iwRC

"More precisely: The derivative of a function df /dt can be expressed as a multiplication of its Fourier trans-
formation f(w) with —iw.
2The frequency domain function f (w) is calculated from the time domain function f(¢) by Fourier transfor-
mation as
1

f(w):ﬁé O (5.4)

By inverse transformation the time domain function can be recovered as
oo
1 r3 iwt
t) = — w)e“dw 5.5
10 = 2= [ Fw (53
—o0

if the given integral for f(w) exists. Normally the absolute value |f(w)| and the phase tan = Re(f)/Im(f) of
this complex (in mathematical sense) function is displayed.
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Figure 5.3: Absolute value and phase of the transfer impedance for a [ = 10 cm long cylindrical
pick-up with a capacitance of C' = 100 pF and an ion velocity of 5 = 50% for high (1 M) and
low (50 €2) input impedance of the amplifier. The parameters are typical for a proton/heavy ion
synchrotron. The high-pass characteristic is clearly seen corresponding to a signal decreasing
for low frequencies.
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Figure 5.4: Simulation of the image voltage U, (t) for the values of the pick-up used in Fig. 5.3
terminated with R = 50 ) for three different bunch lengths of Gaussian distribution with o of
100 ns, 10 ns and 1 ns, respectively. The cut-off frequency fe,; is 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 Ipeqm(t) — FET yields fbeam(w)
— multiplying by Z;(w) yields Upn(w) = Zi(w) - Tyeam(w) — inverse FFT yields Uy (t). The
Fourier transformations are shown in the lower plots. Note, that a Gaussian function in time
domain of width of o; has a Fourier transformation described by a Gaussian function of width
or =1/(2m0y) centered at f = 0.
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This is a description of a first-order high-pass filter with a cut-off frequency feur = weut/2m =
(2rRC)~L. For the case of the so called linear cut pick-ups 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. 5.3 for a 50 Q2 and a high impedance 1 MQ2 amplifier
input resistor. In the figure the absolute value

]Z\—i 1.4 wwew
Y Be € 2ma Ty oPlUE,

is shown. A pick-up has to match the interesting frequency range, which is given by the acceler-
ating frequency and the bunch length. In a proton synchrotron typical values of the accelerating
frequency are in the range from 1-10 MHz, while for LINACs and electron synchrotrons typically
100 MHz to 3 GHz are used. We can distinguish two different cases for the transfer impedance,
namely:

and the phase relation ¢ = arctan (wey/w) — (5.8)

e high frequency range w > w.,: Here we have

1w Weut
Ty X ———— 1 5.9
L 1+ Z'W/Wcut ( )
The resulting voltage drop at R is for this case
1 A
im(t) = —— « —— -+ Tpeam (). 1
Uinlt) = o5 5z - Icam(®) (5.10)

Therefore 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 we,; = 1/RC, high impedance input
resistors are used to monitor long bunches, e.g. in the proton synchrotron. The calculated
signal shape is shown in Fig. 5.4 (right). Note that in the figure a 50 € termination
is considered, leading to a large value of the cut-off frequency f.,; = 32 MHz. In the
application of a proton synchrotron, high impedance (~ 1 Mf2) termination yielding a
much lower value of the cut-off frequency, f.,+ = 10 kHz in this case. A typical signal from
this circuit is given in Fig. 5.5.

e low frequency range w < wey: The transfer impedance is here

7o Wl et @ (5.11)
1+ Zw/wcut Weut
Therefore the voltage across R is in this case
R A . R A d[beam
U (1) = — . 2 0l - .. 5.12
im(?) Bc 2ma 10 beam Bec 2ma dt ( )

using again the frequency domain relation Ipeqm = Ipe ™*. We see that 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. 5.3, where a phase shift of 90° corresponds
to a derivative. The signal is bipolar, as shown in Fig. 5.4 (left). A measurement from the

GSI-LINAC is shown in Fig. 5.6.

The signal at the amplifier output depends on the frequency range as compared to the cut-off
frequency. Of course the bunches are not pure sine waves, and therefore it might be that a
mixture of proportional and derivative components are present, see Fig. 5.4 (middle).

With respect to the different limits of the transfer impedance, two important applications
are discussed:
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Figure 5.5: Bunch signals from a shoe-box pick-ups for 1 M) termination. The upper curve
shows the bunches along the synchrotron circumference at the begin of the acceleration, the
lower curve after reaching the final energy. Note the different time scales on top of the plots.
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Figure 5.6: Bunch signal from a capacitive pick-up with 0.12 MeV/u (top) and 1.4 MeV/u
(bottom) energy at the GSI-LINAC. The derivative behavior is caused by 50 € termination to
achieve a large bandwidth of the amplifier. The accelerating frequency is 36 MHz.

e Range w > w; realized by a low w.,; due to high impedance:
In a proton/heavy ion synchrotron a low frequency (1-10 MHz) is used for acceleration,
resulting in bunches of several meters in length. In these machines, large apertures are
necessary of more than a = 10 cm lowering the transfer impedance due to Z; o< 1/a. To get
a larger sensitivity, the length of the pick-up in beam direction is increased, typically [ ~ 10
cm due to Z; o< [. Note that the pick-up length is still much shorter than the bunch length.
To have a flat curve of the sensitivity, i.e., a large bandwidth, a low w,; = 1/RC' is used by
feeding the signal into a high impedance FET transistor as the first step of the amplifier. A
bandwidth of the amplifier circuit of 100 MHz can be reached, but it is very difficult to build
them with larger bandwidth. To prevent for signal degeneration due to the limited amplifier
bandwidth the application of high impedance amplifiers is restricted to proton/heavy ion
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synchrotrons with less than ~ 10 MHz acceleration frequency. (The observation of the
contribution in the bunch spectrum from the tenth harmonic is sufficient.) As stated
above and shown in Fig. 5.5 a direct image of the bunch is seen in this case.

e Range w < wgy; realized by a high w.,; due to 50 2 impedance:
At LINACs, the bunches are short, in the mm range, due to the higher accelerating
frequencies (100 MHz to 3 GHz). First, one does not gain signal strength by making the
length [ larger. Second, a 50 €2 termination is used to prevent reflections and to get smooth
signal processing with a large bandwidth up to several GHz. The short [, and therefore
a lower capacitance C, and the R = 50 €2 leads to a high w.,; and the derivative of the
bunches is seen as displayed in Fig. 5.6.

The foregoing discussion does not take into account the effect of the frequency response of
the associated cables. See [73] for a more detailed discussion. Moreover, at the high frequencies
the excitation of standing wave modes might be possible.

5.2 LINAC pick-up for longitudinal bunch observation

Figure 5.7: Capacitive pick-up in 50 €2 geometry as used for the longitudinal bunch observation
at the 108 MHz GSI-LINAC. The inner diameter is 35 mm.
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Figure 5.8: Calculation of the impedance of a ring pick-up as a function of the length in beam
direction.

The observation of the bunches is an important parameter for the settings of a LINAC, to
visualize the bunch shape, to setup the right phases between different accelerating structures
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and to measure the energy via time-of-flight in the case of proton/heavy ion LINACs; this is
discussed in Chapter 6. Normally, 50 €2 is used as the input impedance of the amplifier, because
a bandwidth of several GHz is needed [78]. A frequency of 1 GHz corresponds to a wavelengths
of 30 cm in free space (TEM-mode), so the signal transit times can not be neglected. In case
of the pick-up shown in Fig. 5.7 the 50 € is realized between the inner ring shaped electrode
and the outer ring at ground potential. To calculate the impedance, one can take advantage of
formulas given for the design of strip-lines. The capacitive pick-up is a strip-line bent around
the beam pipe axis and its impedance Zj is given by

87 5.98h
Zo(l) = 1 1
o= =73 n<0.8l+d> (5.13)

where ¢, is the relative permeability, A is the distance between inner and outer conductor, d
is the thickness of the inner ring and [ is the length of the inner ring in beam direction. The
diagram of Fig. 5.8 holds for ¢, = 1, d = 3mm and h = 10mm. The induced signal can travel
along two ways to the output cable corresponding to a parallel circuit of two transmission lines.
The pick-up ring shown in Fig. 5.7 is designed for an impedance of 1002, to match the 502
signal transmission via the coax-cable. A typical bunch signal measured with such a pick-up is
shown in Fig. 5.6.

5.3 Position measurement with a capacitive pick-up

beam pipe | | Uup
pickup | 'y from U, = Uup~ Yiowr
I beam LY

| | Udown

Figure 5.9: Schematics of a BPM for the vertical position reading using the proximity effect.

The deviation of the beam center with respect to the center of the vacuum chamber can be
monitored using four isolated plates or buttons by determining the difference voltage AU, =
Uright — Uleft or AUy = Uyp — Ugown of opposite plates. The closer distance to one of the plates
leads to a higher induced voltage. This is called the 'proximity effect’ and schematically shown
in Fig. 5.9. Normalizing to the total signal XU, = U,ignt + Uleyt, the horizontal displacement x
can be obtained via

> — i Um’ght - Uleft o i AUSE
B Sx Um’ght + Uleft B S:c ZUx

(horizontal ) (5.14)

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

o i Uup — Udown o i A[]y
Y75, Uit Utwn 8y 20,

(vertical). (5.15)

This position measurement is the most frequent application of pick-ups, hence they are called
Beam Position Monitor BPM. The proportional constant .S, respectively S, between the mea-
sured normalized voltage difference and the beam displacement is called position sensitivity
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Figure 5.10: Photo and schematic drawing of a capacitive position sensitive pick-up at the
GSI-LINAC. The aperture is 50 mm and the electrode length 20 mm.

and its unit is S = [%/mm]. It is possible that the position sensitivity additionally depends
on the beam position itself, corresponding to a non-linear voltage response for a large beam
displacement. Moreover, S can also depends on the evaluation frequency.
Like in the case of longitudinal coupling, we can define the transverse transfer impedance
Z | as
AU:C = ZJ_ . xIbeam (516)

for an off-center position x and a beam current Ipeq,,; the product xlpee., is sometimes called
the dipole moment of the beam. Z, can be written as a product of the longitudinal transfer
impedance Z; and a geometric non-linear function g(z) as
Zy
Z\ o) (5.17)
An example of a capacitive pick-up used at the GSI-LINAC is shown in Fig. 5.10. The plates
consist of (nearly) a quarter cylinder segment with radius a. For typical displacements up to
x < 1/2-a the function g(x) = a is sufficiently constant. For larger displacements, the response
is non-linear and a correction algorithm has to be applied to the digitized signals. For the device
shown, the aperture is 50 mm and a relatively large length of [ = 20 mm in the beam direction
is used to attain a large signal strength.

5.4 Position measurement using button pick-ups

For a round arrangement of buttons, a simple 2-dimensional electro-static model can used to
calculate the voltage difference as a function of beam displacement. According to Fig. 5.11 we
assume a thin, 'pencil’ beam of current Ipeq,, which is located off-center by the amount r at an
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Figure 5.11: Schematics for a button BPM and the image current density generated by a "pencil’
beam at different displacements r for an azimuth ¢ = 0.
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Figure 5.12: Difference voltage, normalized difference and logarithmic ratio for a button BPM
arrangement of angular coverage o = 30° as a function of horizontal beam displacement i.e.
0 = 0 for a beam pipe radius a = 25 mm.

angle 6. The wall current density j;, at the beam pipe of radius a is given as a function of the
azimuthal angle ¢ as

. Ibeam (12 _ 7"2
. _ ' 1
Jim(9) 2ma <a2 + 72 —2ar - cos(¢ — 9)> o

and is depicted in Fig. 5.11; see [79] for a derivation of this formula.

As discussed above, this represents the proximity effect, where the current density depends
on the distance with respect to the beam center. The buttons covering an angle o and the image
current I;, is recorded as given by:

+a/2

Iom = a / Jim(@)dd (5.19)

—a/2

The resulting signal difference for opposite plates as a function of horizontal beam displacement
(corresponding to # = 0) shows a significant non-linear behavior as displayed in Fig. 5.12. It
can be seen, that for the normalized difference AU/XU the linear range continues to larger
beam offsets. The non-linearity increases if the beam center moves outside the horizontal axis,
which is depicted in Fig. 5.13 for different values of the azimuthal orientation 6 as a function of
horizontal displacement according to Egs. 5.18 and 5.19. For an orientation along the diagonal
line, a significant deviation from linearity starts for this case even at about 1/4 of the beam pipe
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Figure 5.13: Left: Horizontal position calculation for different azimuthal beam orientation 6 for
the parameters of Fig. 5.12. 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.

Figure 5.14: Right: Typical button BPM arrangement within a vacuum chamber at a syn-
chrotron light source, from [83]. Right: Photo of the realization at HERA, DESY.

radius. However, in the central part the reading is nearly independent of the orientation leading
to a universal position sensitivity 5. The dependence between the horizontal and vertical plane
is better depicted in the position map of Fig. 5.13, 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.

Button pick-ups are the most popular devices for electron accelerators. They consist of a
circular plate of typically 1 cm diameter mounted flush with the vacuum chamber as shown in
Fig. 5.14. The cross section of the chamber is not changed by this insertion, to avoid excitation
of wake fields by the beam. The button itself should have a short vacuum feed-through with
a smooth transition to the 50 € cable, to avoid excitation of standing waves and to reach a
bandwidth up to 10 GHz. Fig. 5.14 shows a typical setup used at electron accelerators, where
the buttons are not mounted in the horizontal plane to avoid synchrotron light hitting the
feed-through. According to Fig. 5.15 the position is calculated via

horizontal: AU, = (Uz + Us) = (U1 + Us) vertical: AU, = (U1 + Uz) — (Us + U)

YU, Uy +Us+Us+ Uy XU, Uy +Uy+Us+ Uy
(5.20)
using all four pick-up voltages for the position determination. This geometry leads to a non-
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Figure 5.15: Iso-level curves for an arrangement of button pick-ups are shown on the left. On
the right: The calculated accuracy for the difference voltage over the sum A/ as a function of
beam displacement (horizontal o, vertical A) for the displayed button arrangement [85].

linear position sensitivity (i.e. non linear g(x) in Eq. 5.17). The iso-levels for this geometry are
shown. A displacement of the beam center on one of these lines lead to the same reading in the
difference voltage of the desired plane. A good location of the buttons for a linear sensitivity has
to be calculated numerically (see e.g. [84, 85]). The optimized location depends on the size and
distances of the pick-ups, as well as the chamber cross section. The result for such an optimized
setting is shown in Fig. 5.15.

5.5 ‘Shoe box’ pick-ups using the so-called linear cut

Due to the long bunches at proton/heavy ion synchrotrons, one can use long plates of typically
20 cm to enhance the signal strength. A box-like device is used normally, to get a precise linear
dependence with respect to the beam displacement, see Fig. 5.16. For the previously discussed
pick-up geometries, the signal of the plate closer to the beam’s center-of-mass is larger than that

. beam

Linear cut 200mmx120mm
Proximity: 70mmx120mm

Figure 5.16: Scheme of the position measurement using the so-called linear cut and an example
of an electrode arrangement for the horizontal plane.
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Figure 5.17: Linear cut position pick-up from the GSI synchrotron ring.

of the more distant plate; this is called the proximity effect. In contrary to that, the shoe-box

pick-ups have another principle: The influenced signal is proportional to the actual plate length

at the beam center position. For a given beam displacement x the electrode’s image voltage U,

is proportional to the length [ of the beam projected on the electrode surface as shown for the

horizontal direction in Fig. 5.16, left. For triangle electrodes with half-aperture a one can write:
lm’ght - lleft

lright = (a+x)-tanae  and  lepy = (@ — ) -tana — z=a - ——7— . (5.21)
lm’ght + lleft

The position reading is linear and can be expressed by the image voltages as

Urvioht — U, 1 AU, 1
r=q. Tght " Zleft — ~ T = S,== (5.22)
Uright + Uleft Sy XU 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 pick-ups, the position sensitivity is constant for
nearly the full range of displacements, i.e. nearly no corrections due to non-linearities have to
be applied [86]. This is demonstrated in Fig. 5.18. The electrode arrangements is shown in
Fig. 5.16 and the analog signal in Fig. 5.5.

5.6 Signal treatment of a stripline pick-up

When the bunch length becomes comparable to the length of a capacitive pick-up, the signal is
distorted. In the discussion above, the pick-up was treated as a grounded prolongation of the
beam pipe. Now we want to take the signal propagation via a transmission line into account.
The stripline pick-up is used for short bunches with relativistic velocities. In a collider, the
system offers the possibility of the signal suppression from one of the counter-moving beams,
due to their directional characteristic (see below).

A stripline pick-up consists of a transmission line of several cm length [, having at both ends
a feed-through with a impedance of Ry and Ry, normally 50 €2, see Fig. 5.19. The stripline is
installed in a cylindrical chamber with radius r at a distance from the beam center a covering
an angle of a. This line has a certain impedance Zg;, depending on the parameters r,a, o
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Figure 5.18: Numerical calculation of the position reading AU/XU as a function of beam dis-
placement for the horizontal plane. The plot also includes the calculations for a beam offset
in the vertical direction and proves the decoupling of both planes [86]. It is performed for the
pick-up shown right and in Fig 5.17 with a 200 x 70 mm? cross section and 350 mm length.
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Figure 5.19: Scheme of a stripline pick-up.
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Figure 5.20: Single shot signal from from a 30 cm stripline pick-up recorded at the ALS syn-
chrotron light facility for a single bunch with 1 ns/div [75].
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Figure 5.21: Calculated transfer impedance of an ideal 30 cm stripline (a) and and a measurement
(b) with a spectrum analyzer for a single bunch signal [75]. The frequency range is 0 to 3 GHz.

[82]. The stripline is matched to the outer resistor Zg,; = R1 = Ra. In the following, a beam
velocity 3 = 1 and a bunch length much shorter than the stripline are assumed. When the beam
enters the upstream port 1 of the stripline, a fraction of the image charge of the wall current acts
as a current source. Due to the matching of the voltage divider Z.;, = Ri half of this signal
travels toward the feed-through 1 and half of it travels down the stripline. Assuming a TEM
mode with a phase velocity ¢, this signal travels in phase with the beam. At the downstream
port 2 the image charge leaves the stripline, generating an equal and opposite current source
and it is split in half due to Z.;) = Ro. However, the image current is leaving the detector and
has the opposite sign to that of the upstream port. Therefore, this half of the signal cancels the
signal traveling with the beam created at the upstream port 1. The other half travels now back
toward the upstream port and arrives there at the time 2//c. A signal recorded with this device
is shown in Fig. 5.20.

Figure 5.22: Photo of a stripline pick-up at the CERN SPS, from [82].
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We can write the behavior at port 1 as

Ui(t) = % Ry (Tooamn (t) — Tpoum (t — 21/)) . (5.23)

e

For very short bunches, i.e., Ipeqm(t) — d(t), it can be shown via Fourier transformation that
the corresponding transfer impedance Z; is [74, 77, 76]

Zi(w) = Zstrip - % -sin (wl/c) - (m/2=wl/<) (5.24)

The absolute value of Z; compared to a measurement is shown in Fig. 5.21, as recorded for a 30
cm matched detector at the ALS synchrotron light facility [75].
The transfer impedance shows some interesting features:

e |Z;| shows a maximum for [ = ¢/4f = A\/4, where X is the wave length. Therefore it this
called a quarter wave coupler.

e The length [ is chosen to work close to the maximum sensitivity.

e The sensitivity is zero for [ = A/2. This means no signal is present when the spacing
between bunches are equal to 2[, because the interference between following bunches is
destructive.

e The phase for Z; are straight lines with a zero phase shift at the maximum sensitivity
[ = A\/4. For this frequency, the recorded signal is a direct image of the bunch.

e In contrast with capacitive pick-ups, short bunches can be monitored without signal de-
formation (working at the maximum sensitivity).

Matching the stripline with good accuracy is a difficult task, due to the high desired frequency
range. To prevent reflections at the downstream port, ferrite absorbers can be used [81]. In
colliders, the directional coupling can be very useful to distinguish between the position of the
two counter-rotating beams within a common vacuum chamber. An example of a realization at
CERN SPS is shown in Fig. 5.22.

For the position measurement other techniques are also used, including monitors measuring
the magnetic field (so called inductive pick-ups) or the excitation of cavity modes. Further
descriptions can be found in [82, 94, 95].

5.7 Electronic treatment for position determination

To get the position of the beam, the signals from the electrodes have to be compared. For this
comparison, the signal shape (differentiation or proportional behavior) is of minor importance.
The electronics used for this purpose are described only very briefly. A detailed review is given
in [87]. For the position resolution, the signal-to-noise ratio is important. Beside the stray
fields from the rf cavities, the broadband amplifier noise, as well as the electronic noise of
the following devices contribute. Therefore a minimum bunch current is needed for a reliable
position measurement. Two different principles are commonly used: the so called broadband
and narrowband processing:

In the broadband case, as shown in Fig. 5.23, the signals from the individual plates 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 digital values. For noise reduction and alias-
product suppression, a lowpass filter is used matched to the sample rate of the ADC. In older
installations fast sampling was not possible and an external trigger, as generated from the
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Figure 5.23: Scheme of a broadband signal processing. The plate signals are either fed directly
to the amplifier (dashed line) or via a hybrid the sum and difference is generated in an analog
manner (solid line).
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Figure 5.24: Schematic signal analysis for a narrowband treatment.

bunch passage in an analog manner forced the digitalization. In many applications the sum
and difference voltages are analogously generated by a 180° hybrid or a differential transformer.
Because they are pure passive devices, they can be mounted quite 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 normally lower by at least a factor of 10, can be amplified by a
higher amount than the sum signal to exploit the full ADC range. (An overview of standard rf
components can be found in [88].) The analog electronics is required to match the signal shape
to the properties of the ADCs and an appropriate trigger is used for the digitalization. Modern
installations do not use these types of analog electronics, instead the signal is directly digitized
by a fast ADCs or digital receivers, which are even commercially available [89]. With the help
of high speed digital signal processing the bunch signal is than reduced to one value per bunch
and the beam position is calculated from the sum and difference value [90, 91]. The precision of
this method is lower as compared to the narrowband processing described below. For electron
machines, with small beam size, a resolution of 100 gm can been achieved by this broadband
processing. The advantage is the possibility to do a bunch-by-bunch analysis (i.e. measuring the
position of always the same bunch rotating in a synchrotron) by using an appropriate trigger
setting or precise digital signal processing.

The narrowband processing is used to get a higher precision of the position reading, attaining
1 pm in electron machines here. The better signal-to-noise ratio is achieved by reducing the
bandwidth of the signal processing by several orders of magnitude. As an illustrative example
the Fourier-Transformation of the signal form the GSI-LINAC pick-up is shown in Fig. 5.25.
The spectral power of the signal is mainly available at the bunch repetition harmonics n fy. The
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Figure 5.25: 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 6fy = 216.8 MHz by
a 6 MHz narrowband processing as indicated by the red lines.
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Figure 5.26: Scheme of a synchronous detector to rectify an rf signal: 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 through a low-pass filter and can then be
digitized by a low sampling ADC.

position evaluation uses only this large signal power within the band of frequency span Af,
while the thermal noise is reduced as Upp o< v/Af. 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 mathematical point of view, the mixer multiplies the two
waves at LO and RF and we get from a trigonometric theorem *

A[F(t) = Agrp - Ao cOSwWRFt - coswot = %ARF -Aro [COS(&JRF — wLo)t -+ cos (wRF + wLo) t] .

(5.25)
Typically 10.7 MHz, or one of its harmonics (due to it’s large use in telecommunication), is fil-
tered out by a narrow bandpass filter. The signal is rectified by a so called synchronous detector,
for which the schematics are shown in Fig. 5.26.The resulting quasi-dc signal is then digitized
and the position is calculated via software. In general, this technique is called heterodyne mixing
and the same principle is used in a spectrum analyzer. The mixing is equivalent to an average
over many turns leading to much higher precision in the position reading. But this method does
not allow a turn-by-turn observation. For a proton/heavy ion synchrotron at non-relativistic ve-

Scosx - cosy = 1/2 - [cos(z — y) + cos(z + y)]
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Figure 5.27: Example of a position measurement done at the GSI synchrotron for a partly
misaligned beam during the acceleration. The top plot shows the position around the ring at a
certain time, the lower left is the position for one pick-up and the lower right is the sum signal
power o< U% during the ramp for the same single pick-up.

locities, this method can also be applied, 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 [92]. Modern systems use digital filtering and data reduction with a
Digital Signal Processor [93]. Other, more complex techniques suited for large accelerators are

described in [87].

5.8 Closed orbit measurement

In a synchrotron, several pick-ups for the determination of the closed orbit are installed. A
good choice is to have four pick-ups per tune value separated approximately by about p >~ 90°
betatron phase advance. The pick-ups should be located at position with a large value of
the betatron function to have a reasonable spatial resolution even for smaller average beam
excursions. The closed orbit is the central beam path along the machine, taking the existing
imperfections into account. The closed orbit might differ from the ideal path, defined by the
center of the quadrupole magnets. Only for a good alignment the real beam behave as expected
from beam optics calculations, e.g. no beam steering by the quadrupole magnets occurs. An
example for the use of a position measurement is displayed in Fig. 5.27 during the acceleration
in the SIS synchrotron.

The position reading of the pick-ups around the ring can be used as the input of a feedback
loop to do an active beam correction, see e.g. [97]. Such a feedback system is installed in most
synchrotrons, but a description is out of the scope of this lecture.



5.9 Tune measurement

One very important parameter of a synchrotron is its tune. For machines running at high
current, the incoherent tune spread, related to the space charge of the beam, is of interest to
find a large stable region in the working diagram. For these parameters, the tune as a function
of stored current has to be evaluated. Pick-ups measure the center of the bunched beam. First
we define the betatron frequency f3 as

fa=Q - fo (5.26)

as the tune ) expressed in relation to the revolution frequency fy. The tune itself is the number
of betatron oscillations per turn. The idea of a tune measurement related to pick-ups is to excite
a coherent transverse betatron oscillation, whose frequency gives the tune.

displacement

Figure 5.28: Schematic of the tune measurement for six subsequent turns determined with one
pick-up, together with with the three lowest frequency fits.

The tune value can be split in two parts as Q = @, + ¢ with Q,, is the integer part and
q fractional part. Most measurement methods can only determine the fractional part q. The
integer number of oscillations @, cannot be seen, but this is normally of no interest, as it is
known from calculations. This behavior is schematically shown in Fig. 5.28 for the case of a
turn-by-turn reading of one pick-up: Having the position reading, a sine function can be drawn
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 methods used today are based on a frequency domain treatment. Before discussing
this, a simpler excitation method is described first, using a time domain point of view.

5.9.1 The kick method, time domain 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 with care, so
the beam is not lost. To get a reasonable resolution, the pick-up should be located at 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 ¢ of the tune and the width of the Fourier line
give the tune spread with Ag = AQ (assuming a sufficient resolution). An example from the
GSI synchrotron is shown in Fig. 5.29.

To understand the limitation of this method, one has to look at the single particle behavior.
At the time of the kick, the particles start a free betatron oscillation with the same phase, but

96



=
(@]

<
S}
T
I

un—destored .-
orbit

-05 B

=
o
QL
@
displacement [arb.u.]
(@]
(@]
X

|
=
o

¢] 50 100 150 200
— turns
- ‘ ‘
H )
beam excited to Z1o0f ]
coherent oscillations = os L |
o
5 06 B
=
------ Tl 04 -
£
S 02 h |
e
0.0 1 I |
= 0 1 2 3 4 5

non—integer part of tune q

Figure 5.29: Beam oscillations after a kick excitation recorded in the time domain for 200 turns
(top) and its Fourier transformation for ¢ determination (bottom) at the GSI synchrotron.
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Figure 5.30: Plot of the individual trajectories of four particles after a kick (top) and the resulting
coherent sum signal as measured by a pick-up (bottom). (The tune spread is much to large for
a real machine.)

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 pick-up 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. 5.30. A description is given in the frame of Landau damping.
This damping as given by the de-tuning of the transverse oscillation limits the observation time
and therefore the precision of the tune determination by this method. The tune is calculated
from the position reading via Fourier transformation: A limited series of position measurements
T1,T9,...,xy of N consecutive turns with non-vanishing displacements are taken into account.
The distribution function of the tune P(g;) is calculated via discrete Fourier expansion from the
displacement reading via

1 .
(@)= > mpe e (5.27)
n=1

As given by the properties of Fourier transformations, the discretization of the obtained peak is
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Figure 5.31: Scheme of a beam transfer function (BTF) measurement.

generally related to the number of position samples N by

1

Ag— —
1= 5N

(5.28)
Therefore the peak in the distribution function P(g;) has at least this width. To achieve an
adequate resolution of typically Ag ~ 1073 at least N = 500 turns of non-vanishing displace-
ments are needed. In a lot of practical cases the de-coherence time is shorter than this border
as demonstrated in Fig. 5.29. Therefore this straightforward method is not very precise. But
there exists some improved analysis methods using digital filters to achieve a better precision,
see e.g. [99].

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 motion as depicted in Fig. 5.30. 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,

5.9.2 Beam transfer function measurement

An rf method for tune determination uses a beam excitation driven by a continuous sine wave
stimulus. This wave is swept slowly within seconds over a certain band and the response of the
beam is measured in coincidence. The device used in rf engineering for this purpose is a network
analyzer, see [98]. It provides a frequency scan over an user-given range, which is amplified
and applied to the beam via an rf exciter. The exciter is built like a pick-up. The normalized
difference signal Up /Us, from the pick-up is fed to the input of the network analyzer as shown
in Fig 5.31. Here the amplitude and phase relative to the excitation are measured precisely and
displayed. The horizontal axis of the display correspond to the frequency band for the beam
excitation. The displayed spectrum represents the Beam Transfer Function (BTF), which can
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Figure 5.32: BTF measurement at the GSI synchrotron with a 500 MeV /u U+ beam having
a revolution frequency of fy = 1.048 MHz. The wide scan around the h = 25"-harmonics is
shown left and a scan around the lower sideband centered at f,; on the right. The fractional
tune is ¢ = 0.306 for these data.

be defined as the transverse velocity response to the given acceleration by the kicker. Beside
the name BTF-Measurement this method is sometime called 'beam excitation by a frequency
chirp’.

Due to practical reasons, a harmonics of the revolution frequency fy is used for the excitation
and the resulting resonance line is expressed in terms of this harmonics. An example of such a
measurement with an excitation around the A = 25 revolution harmonics is shown in Fig. 5.32.
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 f}ic = (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 ¢ is determined. The resonance nature of the BTF
measurement can also be seen from the phase shift of 180° during resonance crossing, as shown
in on the right side of Fig. 5.32. An analytic expression for the BTF can be found in [100] 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 Ag ~ f?_f](:' For a more detailed evaluation of 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. 7.24) as discussed in the frame of transverse Schottky
analysis in Chapter 7. Due to the driving force for BTF measurements, the signal strength is
several orders of magnitude higher as compared to a Schottky scan.

With this method a high precision of the tune value ¢ up to 10~% can be reached. Such a
measurement might takes some time (up to several minutes), because the frequency has to be
swept and the response to one single frequency is measured at a given time. The resolution is
determined by the sweep velocity, 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. Using a sensitive pick-up, the measurement can also be
done with an un-bunched beam.

5.9.3 Noise excitation of the beam

Instead of single frequency excitation, a wide band rf signal can be applied. The beam is excited
by the same frequency spectrum as delivered by a network analyzer, but here the excitation
takes place for all frequencies at the same time, using white noise of adequate bandwidth being
larger than the tune variation. The position reading is done in the time domain using a fast
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Figure 5.33: Measurement of the tune at the GSI synchrotron during about 0.5 s acceleration
[102]. Displayed is the Fourier transformation of displacements of 2048 successive individual
bunches during acceleration as a function of the turns on the horizontal axis. The maxima of
the FFT are color-coded.

ADC recording each bunch. The data are Fourier analyzed and the tune is drawn. An example
is shown in Fig. 5.33 from the GSI synchrotron during acceleration [101], see also [102] for a
comparable measurement. The resolution for the tune is given by the inverse of the averaging
time for one FFT calculation (here in the order of 5 ms, corresponding to 2048 turns), leading
to about AQ ~ 5-1073 for one single scan. The power applied to the beam is much lower than
for a BTF measurement using a network analyzer and the beam is much less disturbed.

5.10 Measurement of lattice functions

The technique of beam excitation can also be used to determine parameters of the beam optics.
In particular, local values of dispersion and beta-function as well as the chromaticity has been
measured with this technique. A knowledge of these parameters is of importance during the
commissioning of a new machine, the control of mechanical misalignments, as well as 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.

The dispersion function D(s) at a position s in the synchrotron is defined as

Ap

x(s) = D(s) p

(5.29)
with z(s) being the displacement for a given momentum deviation Ap from the nominal mo-
mentum p. D(s) can be determined at the pick-up location by a slight momentum change with
the help of a frequency detuning of an accelerating cavity. Several position measurements are
plotted as a function of the momentum deviation and D is given by the slope.

Having a turn-by-turn readout of several pick-ups, the coherent betatron oscillation of a
single bunch can be monitored. The position reading at a pick-up ¢ located at s; for turn
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number k is given by

5(&')

i = Ty - cos (2mQk + p;) = To - Bs)

cos (2mQk + ;) (5.30)

with Z; the amplitude at the pick-up ¢, &g the amplitude at a reference pick-up at sg, 3(s;) and

B(so) the beta-functions at these pick-ups, @) the tune and p; the betatron phase at s; with
respect to the reference location.

The ratio of the beta-functions can be determined by a comparison of the amplitudes at

these two locations () 9
ﬁ S . 532‘
Blso) <x_o> | .

The accuracy of such a measurement might not be too good, because the absolute calibration
of the pick-up enters the calculation.

The phase advance between two locations can be determined by this measurement as

Ap = pi — po (5.32)

with a high accuracy by fitting a sine function to the measured data, as schematically plotted
in Fig. 5.34.
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Figure 5.34: Scheme of the individual measurements at two pick-ups for a phase advance Apu
determination. A sine function can be fitted through the data points.

This leads to another way of beta-function measurement using the betatron phase difference
Ayp between the two locations sy and s; using the relation

% ds
Ap = —_— 5.33
W B (9:33)
where the measured value Ay is compared to the result using the theoretical beta-function.

The focusing of a quadrupole is dependent of the particle momentum, resulting in a change
of the tune for different momenta. It is described by the chromaticity & defined as

AQ _  Ap
Q b

This value can be determined directly by a slight momentum change using a detuned rf-frequency,
as shown in Fig. 5.35. 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. A linear behavior 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,

(5.34)
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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 comparing the measured betatron phase
advance using Eq. 5.30 with the tune @ as a fit parameter (the beta-function has to known of
course). These measurements have to be repeated for different Ap. Real examples and further

references are given in [103].
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Figure 5.35: Measurement of the chromaticity at LEP. The horizontal tune is determined for
different setting of the acceleration frequency and therefore of the momentum of the circulating
beam. The chromaticity is fitted through the linear part of the data [104].
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Chapter 6

Measurement of longitudinal
parameters

Longitudinal parameters are as important as the transverse ones, but the way of their measure-
ments are not described as often. The longitudinal phase space is spanned by:

e The longitudinal spread of the bunch [ is given in units of length (mm), time (ns) or phase
(° degrees), see Fig. 6.1. The mean value is the center of the bunch relative to the rf or
relative to the ideal reference particle. The corresponding transverse value is the transverse
beam profile. For a un-bunched dc beam, e.g. in a proton or heavy ion storage ring, the
quantity is of no meaning.

e The momentum spread § = Ap/p is the deviation relative to the momentum p of the
reference particle. In proton or heavy ion LINACs sometimes the quantity is related to
the beam energy AW/W or even only AW is given. The corresponding transverse value
is the beam divergence.

The value of emittance €, is given by the the product of the two quantities

1
Clong = — / dlds. (6.1)

More precisely, using a phase space density distribution p(l,d) the emittance is

1
Clong = — / p(1, 8)dlds. (6.2)

Linear transformations can be applied in the same way as for the transverse case (see Chapter
4.1). The normalized longitudinal emittance

Us
6;2%” - ?’Yrel * €long (63)

is preserved under ideal conditions (vs is the longitudinal velocity and ~,¢ is the relativistic
Lorentz factor).

Using a pick-up, the projection of the phase space 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 have to be fulfilled for a capacitive pick-up to guarantee an adequate
interpretation: First, the bunch has to be much longer in the longitudinal direction than the
pick-up. For bunches with a length comparable to the pick-up, a second condition is that the
beam must be sufficiently relativistic, so that the beam’s electric field is essentially transverse.
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Figure 6.1: Left: The relation between the rf 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.

For the transverse electric field component E 1, relativity gives an enhancement in the lab-frame
compared to the rest-frame of moving charge by

EJ_,lab = /VEJ_,rest s (64)

see also Fig. 6.2. In the case of a slow beam from a proton/heavy ion LINAC, the last condition
is not fulfilled and other methods have to be applied. For bunches shorter than the capacitive
pick-up, the signal does not reflect the longitudinal bunch shape. Stripline pick-ups can still be
used. For electron beams, the bunch length is so short that the bunch structure is smeared out
by integration on the pick-up capacitance, i.e. by the limited bandwidth. Here the monitoring
of synchrotron radiation is used in connection with the fast optical method of 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 point-to-point focus in connection
with small slits located at appropriate locations. This is discussed in textbooks on beam optics
[105].

6.1 Electric fields of a relativistic charge

Due to the finite velocity of light, the electric field of a moving charge is modified. This effect for
different velocities 3 of the moving charge is shown in Fig. 6.2, where the longitudinal electrical
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field £ (¢) in the lab-frame has been calculated for a single particle with a charge of le traveling
in empty space. It is calculated by the relativistic Lorentz-boost including the transformation
of the time coordinate [12] to be

_ e ~vBct
B 1ap(t) = dreg [R2+(fyﬁct)2r/2 (6.5)

R is the distance of closest approach and v = (1 — 52)_1/ ? the relativistic Lorentz factor. The
transversal field component | in the lab-frame is given by

e R
B ia(t) = J (6.6)

= [R2 + (vﬁct)z}w

The formula is a bit different from the simple one of Eq. 6.4 as E | j4(tiay) = YE L rest(trest)
due to the additionally required transformation of the time coordinate t,.ss — ;4. 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 pick-up plates. A beam bunch consist of many particles
distributed within a certain area; to calculate the accompanying electric field one has to integrate
of this distribution. For low velocities the electric field arrives earlier at the pick-up and does
not reflect the charge distribution of the bunch, see Chapter 6.7 for more details.
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Figure 6.2: Effect of the advanced longitudinal (left) and transverse (right) electric field at an

observation point R = 30 mm from the beam axis for different velocities of a point-like charge.
For ¢t = 0 the closes approach is reached.

6.2 Determination of phase position

The corresponding quantity to the transverse beam position is the center-of-mass of a bunch
relative to the accelerating rf sine-wave. For the matching of successive LINAC modules, the
right phase relation has to be determined with a beam-based measurement. A typical plot is
shown in Fig. 6.3 for a slow 1.4 MeV/u ion beam. Due to the differentiated beam signal the
center of the bunch is well determined. There is an arbitrary, but fixed phase shift between the
signals due to the different cable lengths.
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Figure 6.3: The pick-up signal from a 1.4 MeV/u ion beam and the corresponding LINAC
module frequency for the determination of the bunch position.

6.3 Determination of non-relativistic mean energy

The final energy of a LINAC module is sensitive to the actual setting of the rf amplitude and
the phase relative to the preceding modules. Therefore, an energy determination is important.
Because of dispersion, the bending radius of a magnetic system can be used for this, but the
resulting profile is a mixture of the transverse and longitudinal parameters. An independent
measurement can be performed for non-relativistic energies using two pick-ups separated by the
distance L and a time-of-flight (TOF) measurement, see e.g. [40, 106]. As displayed in Fig. 6.4,
two pick-ups are installed in a straight section with a typical distance of several meters. This
distance L has to be known precisely, to within 1 mm. The bunch center-of-mass can be read
from the oscilloscope or the correlation function between the two signals can be calculated. A
typical measurement is displayed in Fig. 6.5. As shown in the schematic, several bunches are
between the pick-ups and a coarse estimate of the velocity is needed. This is normally known,
but in case of trouble, a third pick-up has to be installed much closer to one of the others. The
velocity is calculated for the measured time ts.ope via

L

R — 6.7
ﬁc NT + ZL/scope ( )

with N bunches between the pick-ups and the bunch repetition time of T'=1/f, .

pick-up 1 distance L piCL<-up 2

-
—

bunched beam —
O OO o <o

N*T t

~ >‘< > " scope

Figure 6.4: Principle of a TOF measurement using two pick-ups.

The precision of such a velocity measurement A/3/f is given by the uncertainty of the distance
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Figure 6.5: Time-of-flight signal from two pick-ups with W ~ 1.4 MeV /u at the GSI-LINAC.
The frequency is f,y = 36.136 MHz < T = 27.673 ns. For the distance of 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. 6.7, the velocity # = 0.05497(7) and the corresponding beam energy
W = 1.407(3) MeV/u is calculated. The error is given by Eq. 6.8 with the uncertainties of
At =0.1 ns and AL =1 mm.

AL and the scope reading At to be

AB  [(AL\? At ?
- (i)

An accuracy better than 0.1 % for the energy spread AW/W = 2A3/3 can be reached, assuming
a precision of AL =1 mm and At = 100 ps for the time measurement; the parameters used at
the GSI-LINAC are summarized in Table 6.1.

location (GSI-slang) RFQ 1IH1 1IH2 AL4
energy W [MeV/u] | 0.12 0.75 1.4 114
velocity 3 % 1.6 40 55 155
total TOF [ns] 677 271 197 70

bunch spacing fc/frr [cm] 13 33 45 129
resolution AW/W % 0.07 0.10 0.12 0.22

Table 6.1: The energy resolution for a TOF measurement with a pick-up distance of 3.25 m
for some GSI LINAC modules. The rf-frequency is f.; = 36.14 MHz and the assumed time
accuracy is 100 ps.

The final energy of a LINAC module depends on the applied amplitude and phase of the
accelerating rf. This is depicted in Fig. 6.6 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 it calls for a precise beam alignment and a very large precision in the
TOF measurement, as demonstrated by the small error bars in Fig. 6.6. Matching the nominal
beam energy of a LINAC module is an important 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 produces the right energy
increase. Moreover, the longitudinal emittance depends strongly on the right rf amplitude and
phase setting, as shown in Chapter 6.7.2.
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Figure 6.6: The output energy of the GSI-LINAC as a function of the applied rf-amplitude inside
the tank (left) and phase for the nominal amplitude (right) as recorded like displayed in Fig. 6.5.
The required energy of this module is 1.400 MeV /u. The distance between the pick-ups is in
this case L = 1.97 m with NV = 4 bunches between.

Even though the TOF method is performed for energy measurements, it is basically a ve-
locity determination. For electron beams this method can not be applied, because electrons
are relativistic after the first LINAC modules. Acceleration of electrons is more related to an
increase of their momentum and therefore the energy determination by the bending power of a
dipole magnet is more appropriated in this case.

6.4 Longitudinal emittance from linear transformation

There are many cases where the length of the bunches fits the length of the capacitive or stripline
pick-ups to get a reliable information of the bunch structure. The longitudinal emittance can
then be determined from linear transformations, like in the transverse case as described in
Chapter 4.4 and 4.5. The quadrupole variation corresponds to the change of the longitudinal
focusing performed by a buncher, see Fig. 6.7. The phase of a buncher is adjusted to 0°, so
no acceleration is present. By varying the amplitude, the bunch can be longitudinally focused,
i.e. compressed. The action is described in the longitudinal sub-space (I, = Ap/p), which is a
part of the full 6-dim phase space describing both transverse and the longitudinal planes'. The
transfer matrices R 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 Ry, pcher 18 given in the thin lens approximation by

1 0
Rbuncher = < _1/f 1 > . (69)
The focal length f is
1 27TqU()fo
- =D 6.10
7T A (6.10)

with the amplitude Up at a frequency f,; for a particle of charge ¢ and mass A with velocity v
and momentum p. The transfer matrix for a drift space of length L is given by

1 L/y?
Rrift = ( 0 /37”@1 ) (6.11)

!The 6-dim phase space is spanned by the vector Z ! = (z,2',y,y',1,6) and with the help of the 6 x 6 transport
matrices R the linear behavior 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 unit of spatial
length in [m] to have the same units for all three degrees of freedom.
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Yrer 18 the relativistic Lorentz factor. As for the transverse case, the emittance can be deter-
mined by an amplitude variation Uy of the buncher leading to different longitudinal focusing.
A measurement of the bunch length at the pick-up location s; has to be performed for at least
three settings of the buncher. The beam matrix o(0) at the buncher location sy has to be
determined. For the bunch width l,,4. (1, fx) = \/0355(1, fx) at the pick-up location s1, a system
of linear equations for ¢;;(0) in the form

os55(1, f1) = R25(f1) - 055(0) + 2Rs5(f1) Rss(f1) - 066(0) + R2g(f1) - 056(0)  focusing fy
055(2, f2) = Rgs(f2) - 055(0) 4+ 2Rs55( f2) Rs6(f2) - 056(0) + Rgﬁ(fg) -066(0)  focusing fo

os5(n, fn) = REs(fn) 055(0) + 2Rs5(fn) Rse(fn) - 056(0) + R2(fn) - 066(0)  focusing f(6.12)

is obtained for k = 1,2...n measurements with f = fi, fo...f, different settings of the buncher.
This redundant system of linear equations has to be solved as discussed in Chapter 4.4. A
measurement is shown in Fig. 6.8. For the method it is of no importance which device is used
for determination, as long as it reflects the actual bunch shape of the beam.
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time or phase

Figure 6.7: Scheme for a longitudinal emittance measurement using a buncher and one pick-up.

Corresponding to the 'three grid method’, the bunch width can also be determined from a
series of measurement along a transfer line, see Fig. 6.9. As in the transverse case Chapter 4.5
we get a redundant system of linear equations for the transformation R(k) from the buncher to
the pick-up at sj of the form

0'55(1) = Rgg,(l) . 0'55(0) + 2R55(1)R56(1) . 0'56(0) + Rgﬁ(l) . 066(0) R(l) 180 — S
0'55(2) = R§5(2) . 0'55(0) + 2R55(2)R56(2) . 0'56(0) + Rgﬁ(2) . 066(0) R(Q) 180 — S2

O'55(’I’L) = Rgg,(n) . 055(0) + 2R55(’I’L)R56(7”L) : 0'56(0) + RgG(’I’L) : 066(0) R(TL) 180 — Sn(6.13)

109



T T T T T
5 8 5 U,=1.64 MV
T3 ; A A
o 2 2 2 [
B = H 5
— 5 raa 2z =z T
IS | < | el < y
B L e [ns] time [ns] |
T4 ;
: \
N
flw) L _
c -3 §§\ /i
: N ?
E R S
1 | L L L | | | L L

0.0 0.5 1.0 1.5
Buncher peak amplitude U, [MV]

Figure 6.8: 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 pick-up, but a specially
designed monitor for low energetic beams [107].

For a precise determination, a longitudinal focus has to be placed close to one pick-up.

As discussed for the transverse case, the restrictions are the presence of Gaussian phase
space distributions, linear beam manipulations and the lack of non-linear space charge forces.
In addition, one has to underline, that the above methods are mainly used at LINACs. For beam
extracted from a synchrotron, the variation of the bunch length within the beam transfer line is
negligible in most cases, due to the low synchrotron frequency (up to ~ 10 kHz) of the bunches
formed in the synchrotron. Therefore the measurement inside the synchrotron is sufficient.

pick-up 1 pick-up 2 pick—-up 3

bunch J_ J_ J_
O O e © S

location: S0 S S 53

phase space:
0 0 0 0
Figure 6.9: Scheme for a longitudinal emittance measurement using pick-ups in a transfer line.

6.5 Longitudinal emittance using tomographic reconstruction

In a proton/heavy ion synchrotron the bunch length is much longer than the typical pick-up
size or the gap of a resistive wall current monitor (see Chapter 6.6). This allows the recording
of a true image of the bunch shape. Observation and control of the longitudinal behavior at
injection, acceleration and possible bunch manipulations, like combining or splitting of bunches,
can be performed.

In recent years, an innovative analysis method has been developed at CERN [108] to deter-
mine the longitudinal emittance and bucket filling from a measurement of the bunch shape on
a turn-by-turn basis. The idea is based on the well known tomographic reconstruction used as
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Figure 6.10: Schematic plots for the tomographic reconstruction technique [109]. The original
2 dimensional image and the 1-dim projections are shown to the left. A first back projection is
shown top right. The first iteration step for the generation of the differences in the projected
data is plotted bottom left. After ~ 50 iterations, the original image can be reconstructed.

an imaging technique in medicine for x-ray and nuclear spin tomography.

The underlying principle of tomography is to combine the information in a sufficiently large
number of projections to unambiguously reconstruct the fuller picture with the extra dimension
reinstated. The application of tomography to longitudinal phase space in an accelerator becomes
obvious once it is realized 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
pickup provides a ”snapshot” of the bunch projected at a slightly different angle. It suffices to
combine such profiles tomographically to obtain a two-dimensional picture of phase space density.
Also non-linear emittance growth can be included [108]. 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 application.

The general idea for tomography is based on algebraic reconstruction techniques (described
in textbooks on medical physics) as depicted in Fig. 6.10 from [109]. The contents of the bins
of a one-dimensional histogram are redistributed over the two-dimensional array of cells which
comprise the reconstructed image. Given 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 projection of all bins of all profiles yields a first approximation to the original
distribution. Back projection 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
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cell whose contents have become negative is reset to zero. A more detailed description is found
in [108].

Two examples [110] demonstrate the high analyzing power of tomography. The first, dis-
played in Fig. 6.11 is a standard, constant bunch shape recorded with a digital scope. The
reconstruction of the first time slice shows a good filling of the bucket. The second example in
Fig. 6.12 is a mismatched bunch. In phase space (as shown for a small bunch width) the distri-
bution rotates at the synchrotron frequency, resulting in varying bunch shapes as a function of
time. The bucket is filled badly.

6.6 Resistive wall current monitor

For the observation of the bunches and their structure, a large bandwidth is required. With a
resistive Wall Current Monitor WCM, a bandwidth up to several GHz can be reached [111].
The beam always induces an image current flowing along the vacuum pipe, having the same
magnitude and the same time structure. To measure this image current, the vacuum pipe is
interrupted by a ceramic gap, as displayed schematically in Fig. 6.13. The gap is bridged by
typically n =10 to 100 resistors with a low resistivity on the order of R =10 to 100 €2 leading to
a total value of Ry,y = 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
R

Utot = g . Ibeam- (614)
coax cable

shield signall & ground WCM equivalent circuit

u(t)
RN
R e — —
_ — ferrite ring: R—
pipe L
L ]

ground

. = | c Lval
—a— Ceramic gap — I |
I beam

L beam pipe
i R i

tosignal  to ground

Figure 6.13: Schematics of a wall current monitor used for fast bunch observations and its
equivalent circuit.

The resistors have to be shielded carefully 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 addition, ferrite rings are mounted across the vacuum pipe to force the image
current through the resistors by damping the high frequencies penetrating the rings. Using high
permeability ferrites, the lower cut-off frequency fio, = 27 - Ryot/L can be decreased. Values of
about fj,, ~ 10 kHz are typical and allow un-differentiated bunch structure observation. The
upper cut-off frequency is given by the capacitance of the gap to be frign = 27 Ry - C. Several
GHz are realizable with a careful design of all rf-components. The equivalent circuit is the same
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Figure 6.14: Photo of the wall current monitor used at FERMI-Lab for protons, from [111]. The
ceramic gap is shown separately. The ferrite rings and the printed circuit with the resistors are
visible.

as for a passive transformer and hence its properties as discussed in Chapter 2.1.1. 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 at proton synchrotrons with bunch lengths down to the ns region.

6.7 Bunch structure for non-relativistic energies

For non-relativistic energies, the electric field of a bunch has a significant longitudinal component,
as calculated for Fig. 6.2. This longitudinal field is seen by the pick-up, leading to a smearing
of the signal. The structure of a bunch can not be monitored with a pick-up, as demonstrated
in Fig. 6.15 for a 1.4 MeV /u ion beam corresponding to f = 5.5 %. In addition, the required
resolution of 1° in phase, or less than 50 ps in time, corresponds to an band-width of more than
10 GHz, which is hardly achieved by rf technologies. Other method have to be applied for such
a measurement. The result is important for the adjustment of the LINAC modules, including
bunchers for the injection to following accelerators, and the comparison of measurements and
calculations, e.g. during a commissioning phase of a new accelerator. The bunch width and
structure enters the numerical codes in the same manner as the transverse parameters, e.g. for
the estimation of 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 below.

6.7.1 Coaxial Faraday cups for bunch shape observation

Faraday cups, as described in Chapter 2.4, are used to monitor the structure of bunches for non-
relativistic protons or heavy ions at LINACs up to an energy of about 100 MeV /u and a bunch
length of down to 1 ns. This should be a direct measurement of the beam charges arriving at
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Figure 6.16: Scheme of a 50 €2 cup. A smooth transition to the SMA connector, maintaining

50 2 impedance, is used. The grid for minimizing the advanced electrical field component is
mounted close to the collector [112].

the metallic surface of the cup. The electric signal is than guided via a 50 2 matched transition
line to a broadband amplifier. All components of this electrical chain must have a bandwidth
of ~ 1 GHz for an un-distorted image of the bunch shape, which is not easy achievable. In
Fig. 6.16 the schematics of a coaxial Faraday cup is shown: The beam hits a collector, which
is mounted in a rotational symmetric configuration inside an outer conductor leading to a 50
Q) transmission line. To ensure the large bandwidth of 1 GHz and prevent for signal reflection,
it is necessary to keep a constant ratio of the collector radius r..; and the outer radius of the
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COAXIAL FARADAY CUP

Figure 6.17: Head of a coaxial Faraday cup. The grid for shielding of the advanced field and
suppression of secondary electrons is shown in the middle. The collector including the ceramic
cooling water feed-through is seen on the right hand side.

shield r4p;01¢. The impedance Z of a coaxial transmission line should be 50 2 everywhere and
is given by

Zo Tcoll
=— -In—— . 6.15

2T Tshield (6.15)
The constant Zj is the impedance of the vacuum’ and is given by Zy = \/uo/eo = 377 Q. If the
impedance is not constant, part of the signal is reflected, leading to a deformation of the beam
image 2.

Most coaxial Faraday cups have a relatively small collector area, comparable with the size
of the transmitting coaxial cable; in Fig. 6.16 it is only a few mm [112, 113]. In this case
only the central part of the beam hits the collector. This does not influence the bunch shape

Z

2A measure of the matching quality is the voltage reflection coefficient py of a transmission line, defined by
Uback: = pv - Uforward (616)

with Uforwara the input voltage and Upacr the reflected voltage. Expressed in terms of the transmission line
impedance Z; and the impedance of the load Z> the voltage reflection coefficient pv is

Zo — 71
py = 7 T 7 (6.17)
There are three important cases:
e 75 =71 = py = 0 the matching is perfect, no signal is reflected.
e 75 =0 = py = —1 corresponding to a short circuit, the reflected signal has the same amplitude but

opposite sign.

e /y = o0 = pyv = 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

Zy 1+ pv
VSWR = — =
Zl 1—pv

(6.18)
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measurement, because normally no correlation between the transverse and longitudinal plane
exists.

Figure 6.18: Observed bunch signal from a coaxial Faraday cup. Left: without suppressor
voltage on the grid, right: -500 Volts on the grid.

Due to the creation of secondary particles, Faraday cup can only be used for protons or ions
with energies below about 100 MeV /u. For this non-relativistic velocities 5 < 40% the advanced
electric field, as calculated in Chapter 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 for the escape of
secondary electrons. By supplying a negative voltage, the secondary electrons are repelled back
to the collector in connection to the shielding of the advanced electrical field. Figure 6.17 shows
all important parts of the cup, including the grid. Fig. 6.18 gives an example of measured bunch
signals with and without voltage on the grid. The signal from the coaxial cup is recorded with
an oscilloscope in most cases. These devices have a bandwidth limitation of ~ 1 GHz. Therefore
the time resolution of this method is limited and sometimes insufficient for the application.

6.7.2 Time-of-flight using particle detectors

Particle detectors can have a fast response to a hit by a single beam particle. The signal width
from such a single particle detector output can be less than 1 ns with a rise time of 100 ps and
therefore a precise timing corresponding to bandwidth of larger than 10 GHz can be reached
easily. Examples for adequate detectors are synthetic diamond counters [115], which work like
solid state detectors, or Multi-Channel-Plates equipped with an anode in 50 Q-geometry [119],
where the anode shape is similar to that discussed for 50 Q Faraday cups (Chapter 6.7.1).
The arrival of a beam particle with respect to the accelerating rf frequency reflects the bunch
structure with a time resolution of several tens of picoseconds.

The principle of such a setup [114, 70] is shown in Fig. 6.19. It can work with less than
one ion hit per rf-period due to the use a of single hit particle detector. In the setup used at
the GSI-LINAC, this reduction is done by Rutherford scattering in a 210 ug/cm? tantalum foil
(~ 130 nm thickness) at a scattering angle of 2.5° defined by a collimator with 16 cm distance
and 0.5 mm apertures to give a solid angle of Ay, = 2.5-107%. The parameters are chosen to
get an attenuation of ~ 1078 of the beam current, see Fig. 6.20. The calculated value is nearly
independent of the ion species due the transformation from the center-of-mass frame (where the
scattering cross section has the Rutherford-scaling o,yper < Z QWb;zm sin™*#/2) to the lab frame
(where the ratio of the projectile and target mass enters). A high target mass is preferred, so the
additional energy spread by the scattering is lower than the required resolution. A contribution
to the energy spread might arise from the electronic stopping power in the foil. After a drift
space of ~ 1 m the scattered particles hit the detector. Its output pulse is converted to a logic

117



1 disc.
ISC. stop tart

VO L start 2

accelerator rf

amp.

collimator diamonc

} sec. e from Al-foil

\ >
W beam

Figure 6.19: Principle of a particle detector using the TOF-technique for bunch structure and
longitudinal emittance measurement.

thin Ta-target

/glo ‘ | e vl
\ E =14 MeV/u i
LE \\\ | __0__ U ]
Eq E . |
Projectile : 10 "¢ |
ml,Zl,EO : :
. eLab é'_i "
J = 10 E
al o
Target =
m,. 2
= 107"
©

Lab. angle 6, _,
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for different currents inside the RFQ [70]. The influence of the beam’s space-charge to the
longitudinal emittance is demonstrated by it. One rf-period is shown.
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Figure 6.22: Phase space plot recorded with two detectors in coincidence at the GSI LINAC
[70]. The time relative to the rf is plotted along the horizontal axis, the time difference of
the individual particles on the vertical axis corresponding to the energy distribution. The low
current (Ipeqm = 0.1 mA) results are plotted left. For a high current beam (Ipeqm = 5 mA) the
emittance is asymmetrically broadened by space charge forces (right).

pulse with a special discriminator and the time relative to the accelerating rf is determined. A
resolution of 25 ps, corresponding to 0.3° rf-phase is attained here.

A typical measurement behind a low energy LINAC module is shown in Fig. 6.21, which
acts also as an example for the probable non-Gaussian shape typically created in high current
proton/heavy ion LINACs. The two measurements for high (top) and low (bottom) current
show a quite different bunch shapes. A larger width corresponding to a filamented phase space
distribution for the low current case is observed. Particle tracking calculation for this case
confirm the strong ion current dependence for the longitudinal emittance. The applied rf-power
in the cavity counteracts the space charge force for a high current beam. For a low current,
filamentation occurs due to the missing damping by the space charge, which has to be corrected
by a lower rf-power.

There are not many method to determine the longitudinal emittance at low energies, because
this requires correlated time and energy spread measurements. With particle detectors, it is
possible to measure the longitudinal emittance using a coincidence technique. As shown in
Fig. 6.19, a second detector can be moved into the path of the scattered ions. For the GSI
setup, this consists of a 15 pg/cm? Aluminum foil (~ 50 nm) where several secondary electrons
per ion passage are generated. These electrons are accelerated by an electric field of 1 kV/cm
toward a micro channel plate equipped with a 50 2 anode. The time relative to the accelerating
rf, as well as the arrival time of the same particle at the diamond detector located 80 cm behind
the MCP, are measured. From the difference in time of the individual particles (TOF method),
the energy can be calculated and the phase space can be spanned.

An example of such a measurement is given in Fig. 6.22 for low (left) and high (right) current
Ar beam. The arrival times at the diamond detector are used as the phase (or time) axis having
a width of 1.4 ns, corresponding to 18° phase, for the plotted case. The time difference between
diamond and MCP is plotted on the vertical axis. The width for the low current operation
is about 0.4 ns (FWHM), corresponding to an energy spread of AW/W = 1.7 %. For a high
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current beam a double structure is visible in the bunch profile and an energy broadening to

AW/W = 2.8 % with a clear correlation in the phase space. This demonstrates the emittance
growth due to the very high space charge forces.

6.7.3 Time structure using secondary electrons

In several low energy proton/heavy ion LINACs, a device for the bunch structure observation is
installed, based on the observation of secondary electrons liberated from a single wire intersecting
the beam, as shown in Fig. 6.23 and reviewed in [116, 117]. The beam hits a wire, which is
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Figure 6.23: Principle of a deflector technique for bunch structure observation. SEM means
secondary electron multiplier.

movable
HV wire

| e

Figure 6.24: The bunch shape monitor (BSM) installed at CERN LINAC 2 [116]. 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.
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held on a negative potential of typically 10 kV. By this 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 having the same frequency as the accelerating rf or a higher
harmonics of it. 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 just the same
as a photo-multiplier, but without a photo-cathode.) For a fixed slit position, the phase of the
deflecting rf relative to the accelerating rf can be changed to transmit electrons representing
different time slots of the beam bunches, to get a full image of the bunch structure.

The resolution of this device is better than 1° in phase, independent of the frequency of
the rf, 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 1 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 careful design is required to prevent
multi-pactoring. In addition, the electrons have to be focused transversally. A constant dc-
voltage applied to the deflector plates serves as an electrostatic lens. The HV-wire is movable,
so 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.

6.8 Bunch structure for relativistic electron beams

In most cases, longitudinal diagnostics at electron accelerators is not done using pick-ups, al-
though, due to the relativistic velocities, it would be possible. However, the bunch length is
typically only of the order of several ten ps, so that even a pick-up bandwidth of several GHz
is insufficient to reproduce the detailed bunch structure. Here we profit from the emission of
synchrotron light at a dipole, or preferably from a insertion device. A review on this technique
is given in [118].
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Figure 6.25: Principle of a streak camera measurement for bunch width determination at electron
accelerators ESRF, from [120].
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Figure 6.26: Bunch length measurement with a streak camera, using synchrotron light from
a dipole at SOLEIL [121]. The horizontal axis scaling is 24 us for the bunch repetition and
the vertical axis is 360 ps full scale for the bunch structure. The bunch width is o ~ 40 ps as
achieved for a medium current of 12 mA and a rf-voltage of 2 MV, see Fig. 6.27 for a compilation
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Figure 6.27: Example of the use of a streak camera at the synchrotron light facility SOLEIL
achieved from measurements like depicted in Fig 6.26: The bunch-length is recorded as a function
of the current for different accelerating voltages [121].

The principle of such a measurement is shown in Fig. 6.25. The synchrotron light emitted by
the electrons is filtered to get a small wavelength band (about AX ~ 10 nm width). It is focused
and scraped by a pin hole onto the photo-cathode of a streak camera. A streak camera is a
commercially available device [119], which allows visible light observations with a time resolution
down to 1 ps. The secondary electrons from the photo-cathode are accelerated and pass a fast
deflector, driven by a frequency in the 50 to 300 MHz region. The general scheme is similar to
the discussed ’time-to-space converter’ in Chapter 6.7.3. For synchronization, this deflection is
locked to the accelerating rf. After a certain drift space, the electrons are amplified by a MCP
and converted to photons by a phosphor screen. With a standard CCD camera, the image from
the phosphor is stored. The different arrival time of the synchrotron light, and therefore the
bunch structure, is converted to a difference in space with a full scale of typically 500 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.

Fig. 6.26 is an example of a bunch length measurement, performed with synchrotron radiation
from a dipole [121]. The slow scan for the separation of the individual bunches is the horizontal
axis. The vertical axis has a full scale of 360 ps and the bunch width is only ¢ ~ 40 ps,
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demonstrating the high resolution of such a system. Short bunches are needed by synchrotron
radiation users for time resolved spectroscopy. A large voltage is applied to the synchrotron rf
cavities to produce and maintain these short bunches. In Fig. 6.27 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 like wake-fields and
instabilities increase for higher currents. Effects like head-tail oscillations are visible with the
help of the streak camera measurements as well, see e.g. [118].
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Chapter 7

Schottky noise analysis

The beam in an accelerator consists of a finite number of particles. A current created by a
finite number of charge carriers always has some statistical fluctuation. This was investigated
first by W. Schottky in 1918 [122]. The detection of these fluctuations with a sensitive spec-
trum analyzer allows a non-destructive and precise measurement of several parameters, like
momentum distribution, tune, transverse emittance and chromaticity. The method is mainly
used for coasting (de-bunched) beams in proton/heavy ion synchrotrons and storage rings. At
LINACs the method is not applicable. The strength of the detected incoherent signals is orders
of magnitude lower than those produced by the coherent motion of bunched beams described
in Chapter 5. Nevertheless, due to the high sensitivity, a Schottky scan with very low currents
can be performed, in particular with electron- or stochastically cooled beams.

For the following description we recall some basic formulas of accelerator optics in circular
machines:

AC A
Y — o2 Definition of momentum compaction factor (7.1)
Co Po
1
a = —  Momentum compaction factor and y-transition (7.2)
Vir
Ey, = ’ytrmoc2 Transition energy (7.3)
A AT A
af = —— = —n—p Definition of frequency dispersion (7.4)
Jo T Po
1 1 1 . . -
n = —5 — —5=a——  Frequency dispersion and 7-transition (7.5)
Yo Y
A A
aQ = ¢2 Definition of chromaticity (7.6)
Qo Po
1
fs = _ce  f In| - Uppcosp  Synchrotron frequency (7.7)

2\ CAmoy ~ fo

With Cj circumference of the synchrotron, pp momentum, fy revolution frequency, Ty revolution
time, Qo the tune for the reference particle, v relativistic factor, A the mass of the particle with
charge ¢ and f,; the frequency of the acceleration rf with amplitude U,; and a phase ¢ for
the reference particle relative to the crest.A... describes the width of the distribution for the
corresponding parameter.

7.1 Spectrum analyzer

A spectrum analyzer is used to determine the amplitude of a frequency component of a time
varying signal. In principle, it is an analogue equivalent to a Fourier transformation. A tunable
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Figure 7.1: Principle of a spectrum analyzer.

bandpass filter could be used, where the center frequency is swept. But this is difficult to realize.
Instead, a mixer in the input port of the spectrum analyzer is used. See Eq. 5.25 for a description
of a mixer.

The simplified principle of a spectrum analyzer is shown in Fig. 7.1. The input signal passes
a low-pass filter, which limits the bandwidth of the device. Typical values for the bandwidth of
high performance models are 100 Hz to 3 GHz. The filtered signal is then mixed with a tunable
frequency of constant amplitude, applied to the LO port of the mixer. This frequency can be
ramped and its maximum value is twice the maximum input frequency (in this case from 3 to 6
GHz). The wave with the difference frequency is filtered by a narrow bandpass filter. A linear
synchronous detector rectifies the signal to get the amplitude (or power) of the mixed signal.
The amplitude or the power is displayed as a function of the LO frequency. The described
principle is that of a heterodyne receiver. In commercial devices several steps of mixers are
used.

Four main parameters can be chosen by the operator:

e the frequency range for the LO sweep

e the sweep time i.e. the time needed for the frequency sweep

e the reference level i.e. the power of the LO wave

e the resolution bandwidth corresponding to the width of the bandpass filter.

Short, excellent descriptions of the functionality of spectrum- and network analyzers are given in
[98]. For a fixed LO frequency this principle was also discussed in Chapter 5.7 for the narrowband
position pick-up processing.

For a Schottky scan, typical values of an LO frequency range is 10 to 100 kHz with a sweep
time of 0.1 to 1 s. One should be aware that due to the relatively long sweep time, possible
changes of the beam parameters during this time are displayed in a wrong manner. Instead
of using a spectrum analyzer one can also use an ADC recording the data in the time domain
and apply an FFT, see e.g. [123]. In modern applications, this is a cheaper alternative if the
frequencies of interest are not too high.
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7.2 Longitudinal Schottky signals for a coasting beam

We first consider a single particle with charge ! Ce in a storage ring with a revolution period Tj
and a revolution frequency fo = 1/Tj. The current at a fixed location is given by the passing of
the particle at time t = 0,1 - Tp,2 - Ty, ... is

I(t) =Cefo Y _6(t—hTy) =Ce »  e*mhiot, (7.8)
h=1

h=—oc0

A real detector can only measure positive frequencies. Or in other words, the phase information
is lost, when detecting a real signal using an ADC or a spectrum analyzer. Therefore the current
of a single charge is

I(t) = Cefo+ 2(efo Y cos (2mhfot) (7.9)
h=1

The first term is the dc part of the current 1. = (e fy, while the sum gives the Schottky signal,
as we will see. The Fourier transformation is given by

I(f) = Cefo-8(0) +2¢efo > 8(f — kfo) (7.10)
k=1

which is a line spectrum with peaks at all harmonics of the revolution frequency fo, with finite
height for a real beam and a real equipment, see Fig. 7.2.

It 4 If) 4

2zef0 T

zef0 T

— —

time t/T0 frequency féf

Figure 7.2: The time domain signal of a single particle in a storage ring and its frequency
spectrum made of single lines.

Now consider a coasting (debunched) beam of N particles randomly distributed along the
storage ring at an angle 6, with slightly different revolution frequencies f,,. One can rewrite
Eq. 7.9 for the NV particles as

N N oo
I(t) = Cefocost, +2Cefo Y cos (2rhfyt + hoy) (7.11)
n=1 n=1h=1

A spectrum analyzer measures the power density spectrum, which is given for the frequency
band of the harmonic h by the rms (root-mean-square) current (12) as

N 2
(I%) <2Cef0 Z cos h9n> = (2Cefo)? - (cos hby + cos hby + ... + cos hy )
n=1

= (2Cefo)” N/2 (7.12)

'Here ( is used as the abbreviation for the charge to distinguish it from the non-integer part of the tune g.
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because all terms of the from cos? hf; are positive. Or, in other words the term in brackets is
(cos hby + cos hfy + ... + cos hix)? = N{(cos ho;) = N/2. (7.13)

This means that only the dc part remains. All others cancel due to averaging. The rms signal

is finally
Lrms = \/(I?) = CefoV2N (7.14)

This total current per band is proportional to the square root of the number of particles due to
its incoherent distribution. It is independent of the harmonic number A. This is different from
the coherent beam signal recorded with a pickup for bunched beam, having I « N. A more
stringent treatment can be found in [100, 124, 125].

A pick-up, as described in Chapter 5, is used to monitor the signal. The measured current
L.ms has to be transformed with the help of the transfer impedance Z; to voltage U = Z; - I yns.

A measurement using a spectrum analyzer shows the power spectrum density P(f) within
a frequency range A f, which is given by

P(f) = Z,-ms. (7.15)

Because the total power within a band is constant, the Schottky lines become broader for a
increasing harmonic number A and their heights decrease. This is shown in Fig. 7.3. The width
of all harmonics corresponds to the spread in the revolution frequency. Using the frequency
dispersion n (Eq. 7.4), this can be transformed to the momentum distribution Ap/p. From the
center frequency at each harmonic f; and the width Afj, one can calculate the momentum
width as

Ap 1 Afp, 1 Afy

PR A Y (7.16)

Power spectrum

10 11 12 13 714 15 16 17 18 19 20
harm. of revolution freq. Jf/]fo

Figure 7.3: Hypothetical longitudinal Schottky lines for a Gaussian momentum distribution
with Ap/p =1 % and an artificial small value of n = —0.005. The different peaks correspond
to the different harmonics.

The plot in Fig. 7.3 uses a momentum width of 1%, but an artificially small value of n =
—0.005 to get unusually broad lines. From the figure we can see, that the lines from ascending
harmonics starts to overlap for

n| p

h>S (7.17)

which happens for real beams only at very high harmonics. Schottky lines at lower harmonics
are well separated, because Ap/p < 1073 and an absolute value of 7 close to unity are typical
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values for the injection to a synchrotron. The resolution is larger for higher harmonics due to a
wider peak. On the other hand, the signal-to-noise ratio is better for a lower harmonic number
due to the required lower bandwidth A f and the scaling of the noise voltage U,ise < VAF. At
most proton/heavy ion synchrotrons with a typical revolution time of 1 us (corresponding to
fo =1 MHz), harmonic numbers between 10 and 30 are used. The typical frequency range for
a scan of the distribution is less than 100 kHz.

In proton/heavy ion synchrotrons or storage rings, cooling is very often used to achieve
highly brilliant beams by transverse emittance and momentum distribution shrinkage. This is
important for high resolution experiments or for the increase of the number of stored particles
using stacking methods. This is performed by electron cooling (see e.g.[45]) or stochastic cooling
(see e.g. [46]), in most cases with an un-bunched beam. Schottky diagnostics are an essential
tool to control the cooling process. An example is given in Fig. 7.4, where the momentum width
of an ion beam is reduced by two orders of magnitude within seconds by electron cooling.

Aes.Bw 100.0 Hz[3dB]  vid.Bw 30Hz

[ate 27.Jul.'90 Time 09:27:32 AF At: 10 dB
Ref Lev Marker ~92.49 dbm CF.Stp 1.500 kHz
-72.00 dBm 14.55952 MHz tnit [dBm]
100 %
80 %
80 %
70X
60 % Cooled Beam
50 %
40 %
— | — Ap/py =2 x 1075
0% l i
20 % Uncooled Beam
{
10X e Al Wy '
0% Start Span Center Sweeg Stop
14,5520 MHz 15.000 kHz 14.5585 MHz 15.05 14.5670 MHz

Figure 7.4: Longitudinal Schottky scan at the 10* harmonic of Ar'®* at the GSI storage ring.
The broad curve is the frequency spectrum at injection with Ap/p = 1-1073 and the narrow
curve is recorded after electron cooling down to a momentum width of Ap/p =2-1075.

The pick-up installed at the ESR at GSI is shown in Fig. 7.5. The device can also be
used for transverse Schottky diagnostics (see below). For each direction, a pair of plates is
installed. The edges are bent to get a constant position sensitivity, independent of the orbital
offset perpendicular to the direction under investigation.

7.3 Longitudinal Schottky signals for a bunched beam

For a bunched beam, the Schottky spectrum splits into several lines for the following reason:
In addition to the discussed fluctuations because of their finite number, the beam particles
oscillate with the synchrotron frequency. This corresponds to a modulation in time of the
particles’ passage through the pick-up. Therefore, the spectrum becomes more complicated since
each harmonic line h - fo (center of the Schottky bands) gets sidebands from the synchrotron
oscillation.

The passage of the particles at the pick-up is modulated by the synchrotron frequency f;
for particle n with 7, = 7, sin (27 fst 4+ ¢;,). The synchrotron frequency is much lower than the
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Figure 7.5: Photo of the Schottky pick-up installed at the storage ring at GSI. It can be used for
longitudinal as well as for transversal diagnostics. In front we see the plates for the horizontal,
at the back for the vertical direction. The flange diameter is @ 350 mm.

revolution frequency. It can be shown [100], that this leads to a modulation of the un-bunched
peak according to the Bessel functions J, of order p. The second term of Eq. 7.11 has to be
modified for each harmonic as

N 00
Li(t) = 2Cefo-Re | Y Y Jy(hwy sy )e!rentthntpestines) (7.18)

n=1 p=—00

The distance between the maxima is given by the synchrotron frequency. The sidebands
decrease symmetrically with respect to the center and get broader. The number of sidebands
above the noise increases for increasing harmonics. A measurement is shown in Fig. 7.6. The
synchrotron frequency can be determined with this method.

7.4 Transverse Schottky signals for a coasting beam

As in the case of a beam position pick-up, one can use the difference signal of opposite electrodes
for the monitoring of transverse noise signals. The finite number of particles perform betatron
oscillations around the beam center (and the electrical center of the pick-up) with

xn(t) = Ay, cos(2mq fot + pn) = Ap cos(2m fgt + pn) (7.19)

where A,, is the betatron amplitude of the particle n with an individual phase pu, and ¢ is the
non-integer part of the tune and f3 = ¢ fo the betatron frequency. The difference Schottky signal,
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Figure 7.6: Schottky spectrum of a bunched ion beam at the GSI storage ring. fs is the
synchrotron frequency.

which corresponds to the dipole moment d,, of the beam, is a composition of the longitudinal
noise and a transverse modulation. For one particle and a harmonic h, the dipole moment d,, (%)
is

dn(t) = Cefo-An+2Cefo- Ay Z cos (2mq fot) - cos (2mh fot)
h=1

= Cefo- An+Cefo- An Y cos[2m(h — q) fot] + cos [2n(h + q) fot] (7.20)
h=1

as given by a theorem of trigonometry 2. In the frequency domain this corresponds to a splitting
into two sidebands for each harmonic, distributed symmetrically at h —q and A+ ¢q. In electrical-
engineering this is called a frequency modulation. This is schematically shown in Fig. 7.7. The
reason for the two bands arises from the fact that the Fourier transformation is defined for
frequencies from —oo to 400, while a real device can only measure positive frequencies.

As in the longitudinal case, a coasting beam of N particles randomly distributed around the
ring and with random betatron phase p,, is considered. The rms value per band is

d72“ms = <d2> = (CefO)Q ’ A?”ms ’ N/2
= (Cefo)?-€-B(s)- N/2. (7.21)

The average of the individual betatron amplitudes A, gives the beam width. The square of
the width is related to the beam emittance € times the value of the beta-function ((s) at the
location of the pick-up. A first result is that from the total power of the transverse band one
can deduce the emittance. In particular, one can monitor transverse cooling with the help of
the transverse Schottky noise. This is demonstrated in Fig. 7.8, where the time evolution of
the beam during stochastic cooling is shown. The curves are recorded every 80 ms. One clearly
sees the decrease of the power within the sidebands due to the shrinking emittance (and not
due to particle losses). To get the absolute value of the emittance, a calibration is needed with
respect to a residual gas monitor or a scraper, because too many inaccurately known device
properties of the pick-up contribute to the spectrum. (A precise knowledge of the transverse

2cosx - cosy = 1/2[cos(x — y) + cos(z + y)]
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Figure 7.7: Schematic plot of the line splitting of a transverse Schottky scan as compared to the
longitudinal case.

transfer impedance Z | (w) Eq. 5.16 is needed, because the voltage U = Z, d is measured.) The
middle peak of the figure is the longitudinal signal, which should vanish according to the theory
above. But here the beam was not perfectly centered in the pick-up. The increase of its height
is due to longitudinal cooling.
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Figure 7.8: Transverse Schottky spectra recorded every 80 ms during stochastic cooling at the

GSI storage ring at a high harmonic.

Another widely used application of transverse Schottky is the tune measurement of coasting
beams. The maxima of the two sidebands for the same harmonic are located at f,” = (h — ¢q) fo
and f}j = (h + q) fo- The non-integer part of the tune is calculated via

+_ -
g=h- % (7.22)

With this method, one can easily get the incoherent value of the tune without any beam influence.
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Figure 7.9: Transverse Schottky spectra for the harmonics 30 and 31. The plot on top shows the
frequency position for ¢ = 0.3. Here the sidebands are close to the longitudinal peak. The lower
plot is for ¢ = 0.7 and here the position are interchanged. The parameters for the calculation
are: fo =1 MHz, Ap/p =2-1073, n = —1, & = -1, Q = 4.3 or 4.7. The sideband for other

harmonics are not shown.

This is in contrast to a measurement via BTF discussed in Chapter 5.9, where the beam is excited
gently. Moreover, for the BTF the coherent tune is determined, which might differ from the
incoherent one, if space charge forces are significant.

Looking at a transverse Schottky scan, it is not directly evident where the two sidebands of
one harmonic are located. The ordering of the lines can be interchanged. This is demonstrated
in Fig. 7.9 for ¢ < 0.5 (top) and ¢ > 0.5 (bottom). Like described for the BTF, this can be
checked by a small variation of the tune while watching the direction of the line center shift.

From the width of the sidebands, the chromaticity can be deduced. From the position of

the sidebands fﬂf = (h£q) fo and the product rule of the frequency derivative for the frequency
distribution and the tune ¢ one gets

Afy = Afo(h£q) £ Agfo. (7.23)

Inserting the definition of frequency dispersion Eq. 7.4 and chromaticity Eq. 7.6 (the latter
equation implies that the tune spread is mainly determined by chromaticity in connection with
momentum spread and not by space charge effects) leads to

Af, = 77% - fo (h —q+ %Q) lower sideband
A
AfF = 7771) - fo (h +q— %Q) upper sideband. (7.24)

First, one can see that the widths of the sidebands are not equal. Which band is broader depends
on the sign of the chromaticity £ (in most case negative), on ¢ and the harmonic number. In
Fig. 7.9 this is not 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 v4,.) and ¢ have to be measured independently.
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7.5

Some further remarks to Schottky analysis

The transverse Schottky signals can also be observed for a bunched beam. Like in the
longitudinal case, the sidebands are modulated due to synchrotron oscillations. This can
make the spectrum quite complex.

No space charge effects are considered in the discussion above. In particular, we assume
that the tune is independent of the single particle betatron amplitude and the tune spread
is only given by the chromaticity. If this is not the case, the tune can be evaluated using
a slightly more complex method, see e.g. [126].

The longitudinal spectrum can be significantly deformed by observing cooled beams, per-
verting the interpretation of the width as the momentum spread. For cold and sufficiently
dense beams, the signal shows a splitting related to plasma waves, see e.g. [125].

We did not discuss the device noise level contribution to the spectra. In general, for the
transverse case, the signal-to-noise is at least two orders of magnitude worse as compared
to the longitudinal.

If very low currents have to be observed (like for anti-protons) the signal strength can be
raised by an external resonator.
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Chapter 8

Beam loss detection

In a real accelerator, the transmission from the source to the target is never 100 %. The
fraction of beam particles lost has to be controlled carefully to achieve optimal transmission.
The lost beam particles cause some activation of the accelerator components by nuclear reactions.
Moreover, the surrounding material can be destroyed by the radiation, as well as by the heating
due to the particles’ energy loss. The important processes leading to secondary particles are
reviewed briefly. 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. They are mounted
outside of the vacuum pipe at crucial locations and are relatively cheap instruments. The signal
is an important 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 [127] for a review. Beam loss monitors are very sensitive devices, which detect even
a very small fraction of losses, therefore they are also used for machine tuning. Two examples
are presented in the last section.

8.1 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 [128, 129, 130]. Here only a brief
overview is given:

e Interaction of electrons

For electron energies above ~ 100 MeV, Bremsstrahlung dominates the slow-down process
in materials, as shown in Fig. 2.23. The created high energy photons give rise to further
particles via et —e™ pair production. If the energy of the  is high enough, other particles,
like 1=, 7F... can also be produced. An electro-magnetic shower is then generated. More-
over, 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 (y,n) reaction. For higher ener-
gies also (y,p) and (vy,np) channels are open.

When the electron is slowed down below ~ 10 MeV, ionization loss by electronic stopping
dominates, resulting in soft x-rays, which are absorbed within a short distance.

e Interaction of protons
Beside electronic stopping, as shown in Fig. 2.22, nuclear interactions are possible. First
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we define the term ’thick target’ when the interaction length is comparable to the range
as 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. 8.1. 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.

e Interaction of ions
Beside the interactions also valid for the 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 don’t exist due to the complex nuclear physics involved.
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Figure 8.1: 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. Right: The total number
of neutrons per proton incident on a thick target of various metals as a function of the proton
energy. From [130].

Common to all interactions is the production of radioactive nuclei leading to activation of
the accelerator components. The emitted charged particles are relatively quickly stopped by the
surrounding material. But the neutrons, produced by most primary interactions, can travel long
distances. Some of the beam loss monitors are therefore 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
promptly to the particle loss. Due to the kinematics of the primary interaction, the secondaries
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are emitted into a (more or less) forwardly peaked angular distribution. This leads to a spatial
resolution of the loss detection by the monitor position close to the loss point.

8.2 Types of beam loss monitors

The task for beam loss monitors is to localize position and time of the loss. Their signals should
be proportional to the amount of loss at this position. A high sensitivity is needed to measure
low losses. A high dynamic range is required to deal with a sudden loss of a sizable fraction of
the beam. Depending on the application, a bunch-to-bunch resolution on a ~ 10 ns time scale
is needed, as well as up to 100 ms for a slow detection. All loss monitors are installed outside
of the vacuum pipe, detecting mostly secondary particles. These can be neutrons, which are
not much absorbed by the surrounding material, or charged particles like protons, e~ and e or
~-rays. Fig. 8.2 shows a photo of some frequently used types as tested at the GSI synchrotron.
An overview of the different types is given in [131].

.4'*‘5 x f

W | Ptig Scintillator

Figure 8.2: The tested beam loss detectors installed at the extraction from the GSI heavy ion
synchrotron [132].

8.2.1 Plastic scintillators

Plastic scintillators detect charged particles due to their electronic stopping, as discussed in
Chapter 2.7.1 as well as ~-rays. Moreover, they are also sensitive to neutrons due to their
elastic scattering on the hydrogen atoms of the polymers [11]. Due to the neutron scattering, a
fast proton travels through the scintillator material, leading to light emission by its electronic
stopping. The light is guided to a photomultiplier, converted to electrons and amplified. The
readout of the resulting electronic signal can be effected by digitizing the analog voltage using
a relatively small photomultiplier gain. Or a particle counting mode can be used for higher
sensitivity and larger dynamic range. A typical output for the counting mode is shown in
Fig. 8.3 showing analog pulses of ~ 20 ns length. Due to the wide spectrum of particle species
and 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 2.32.) In the counting
mode, the plastic scintillators have a very large dynamic range, from single particle counting up
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to a count rate of 107 s~1. In most cases the scintillation monitors are located in the crucial

areas, like the injection or extraction devices, 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 destruction threshold is 1 Mrad
= 10* Gy. At this dose, 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 also
long fibers of plastic or inorganic materials are used.
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Figure 8.3: 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.

8.2.2 Liquid scintillator

A scintillator material within a liquid solvent of about 1 liter is used. The device is also sensitive
to charged particles, e*, v and neutrons by the same mechanisms as discussed for the plastic
scintillators. 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, a discrimination
between y-rays and neutron can be performed using special electronics, the so called pulse shape
discrimination [11]. The liquid is about a factor of 10 more radiation hard than the plastics,
due to the simpler chemical composition of the solvent.

8.2.3 Aluminum coated Electron Multiplier

An Aluminum Coated Electron Multiplier (ACEM) is a photomultiplier, where the photo-
cathode is replaced by an Aluminum 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 as scintillators.

8.2.4 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 ionizing particle
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(MIP), say, a charged hadron 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. Two face-to-face mounted PIN diodes are used in coincidence
to count only the charged particles and not the low energy photons, as emitted at electron
accelerators by synchrotron radiation, see Fig. 8.4. 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 made of two
PIN diodes including the amplifier and the counter is commercially available [5].
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Figure 8.4: Scheme of a two PIN diodes driven in coincidence and a photo of the device [5].

8.2.5 BF; proportional tube
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Figure 8.5: Scheme of a BF3 proportional tube as used for beam loss detection. The proportional
tube is filled with BF3 gas surrounded by polyethylene for the moderation of the neutrons.

To have the possibility to measure only neutrons, a cylindrical proportional tube (typical
diameter 10 mm and length 500 mm) filled with the gas BF3 can be used [11]. For thermal
neutrons, the reaction '°B4+n — “Li + « has a high cross section (~ 1 kbarn) and is exothermic
by a Q-value (total kinetic energies of Li and «) of 2.3 MeV. The gas-filled tube is surrounded by
concentric layers of polyethylene 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
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polyethylene. Special precautions are taken to get a flat detection efficiency as a function of the
angle. Normally these detectors are used at nuclear power plants for neutrons with an energy
up to 10 MeV, but the thermalization yield of the neutrons can be extrapolated at least up to
100 MeV. The count rate is limited to several 10* s~! due to the time needed for recharging the
inner wire of the proportional tube.

Sometimes comparable types are used, but filled with 3He, having a comparable cross section
of thermal neutron absorption by the reaction 3He + n — $H + 1H.

8.2.6 Ionization chamber

Ionization chambers measure the amount of secondary charges created in a gas volume (see
also Chapter 2.7.2). Fig. 8.6 shows such a round ionization chamber filled with Ar or Ny gas.
Typically, a sealed glass tube contains ~ 100 cm? of gas between an outer high voltage electrode
and an inner grounded and readout electrode [133]. The output current is measured with a
sensitive current-to-voltage or current-to-frequency converter [134]. The IC is not sensitive to
neutrons and has a low detection efficiency for y-rays. Mainly charged hadrons and et are
detectable. By definition, the signal strength gives directly the absorbed dose in Gy. Because
an inert, single or diatomic gases like Ar, No 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 a
particle counting mode. In addition the IC does not react as fast as the scintillators, because the
gas ions, created by the radiation, need ~ 100 pus to reach the electrode. This time constant leads
to a convolution of the primary signal. The readout of the IC current by the digital electronic
is therefore not faster than 1 ms in typical applications.

metal housing sealed glas tubguter HV electrode (metallic cylinder)
filled with Ar gas
—a—_——,,,.,.,,———_SSSSsSSH——.—
= — 1 HV connector
= ——
5cm NSNS H—T signal
- signal connecto
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Figure 8.6: Scheme of an ionization chamber as used for beam loss detection.

8.2.7 Optical fiber

All discussed devices so far are particle counters. A totally different scheme uses the material
modification by the absorbed dose. Optical fibers, like those used in tele-communication, can
be fabricated in nearly arbitrary length at low cost. A fiber is installed close to the beam pipe
with up to several km length [135]. Due to radiation destruction, secondary particles modify
this fiber by creating color centers. This leads to a change in light transmission of the fiber and
to a noticeable amount of reflected light. As used in tele-communication, the quality of a fiber is
tested by an optical time domain reflector (OTDR), see Fig. 8.7: A ~ 1 ns laser pulse is coupled
to the fiber and travels along the fiber. If the optical properties of the fiber 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 fiber of ~ 0.66¢, this can be
converted to a distance. With this arrangement, a good spatial resolution can be achieved and
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critical loss regions can be identified. The fiber can be partly repaired by an annealing process,
either by time, or by heating the fiber to about 150°C. Special doping of the fibers 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.

OTDR k

light short laser pulse (850 nm, 1 ns) modified fiber optical abs
intensity > / >~ { ]
loss 1 ; : ” 7
%% oss refelcted light Optical fiber loss 177" loss 27%
< 7 A

distance or time /\

beam pipe

Figure 8.7: Principle of an OTDR beam loss detection with optical fibers.

8.2.8 Comparison of different beam loss monitors

Several of the described types are tested at the extraction septum magnets at the GSI syn-
chrotron [132]. A typical example is shown in Fig. 8.8 for a O® 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 at the figure is displayed together
with the signal for the synchrotron de-transformer (top, arbitrary units) and a reference signal
proportional to the extracted current measured at the experiment location (second plot, using
a secondary electron monitor in arbitrary units, see Chapter 2.7.3). The general feature is that
the signals for the different loss monitors are showing the same time behavior. This is not a-
priori evident due to the different detection mechanisms. This shows the predominant role of
the 'prompt’ radiation (prompt within a time scale of ms) whatever the type of secondary radi-
ation 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 linearity of the different detectors is shown in Fig. 8.8 right, where the total counts for
one spill are shown as a function of the current detected at the experiment. The count-rate
is quite different: 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. 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 as 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 3 orders of
magnitude below that of the plastic scintillator.

8.3 Machine protection using beam loss detectors

The most frequent application of beam loss monitors is the protection of the accelerator com-
ponents. The high energy stored in the beam can lead to damage of the surroundings when the
projectiles hit its materials. In particular, the vacuum pipe can be destroyed by the temperature
rise due to the energy release of the particles, leading to a vacuum leakage. Also other materials,
like electrical feed-through, the isolation of the magnet coils or any electronic devices can be
destroyed due to the modification of the material by the radiation. As discussed in Chapter
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Figure 8.8: Left: Typical example from different beam loss monitors for a O%F beam accelerated
from 11 to 800 MeV /u with up to 4 x 1019 particles per spill [132]. Right: Linearity of the loss
monitors as a function of the current for the same parameters. The lines are linear fits.

8.1, the nuclear interaction leads to radioactive nuclei, which have lifetimes of hours or more.
An 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, the power
dissipation of the beam losses should be below 1 W/m to enable "hands-on maintenance’. An-
other important application of beam loss monitors is the quench protection of super-conducting
magnets and cavities. Even a small amount of loss can heat up the super-conducting material
above the critical temperature causing a quench, i.e. a transition to normal conductivity. This
dangerous situation is always controlled by loss monitors. 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 [134]. 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 visualize the full functionality of the machine.
We discuss briefly two categories of losses:

e Irregular or fast losses occur by a malfunction of an accelerator device, like magnets- or
rf cavities power supplies, leading to a beam with wrong parameters. Also a misalignment
of their settings (e.g., the beam is not centered inside a quadrupole leading to steering, or
wrong kinetic energy of the beam by a wrong rf cavity phase or amplitude) results in a
mismatch of beam at the following stages of the accelerator and part of the beam might be
lost. The task of the beam loss monitors is to localize these losses, warning the operator
or triggering an interlock to stop the beam delivery.

e Regular or slow losses are known losses, e.g. at aperture limits of a collimator system, or
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losses due to the finite lifetime of the beam in a synchrotron. Most of them are unavoidable,
but an increase of the loss rate shows a malfunction. In addition, beam loss monitors can
be used to find the right parameters, e.g. for an emittance reducing collimator.

It is obvious, by looking in particular to the first item, that a beam loss monitor system should
have a high sensitivity as well as a very large dynamic range. The high sensitivity is needed
to get a usable signal when only a very small 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 easily vary by several
orders of magnitude, e.g. due to a power failure of a magnet or cavity. The monitoring has
to work over several orders of magnitude without changing the full-scale-range, to prevent the
saturation of the signal for large losses. Here, a particle counting mode delivers this high dynamic
for rates ranging from 10 s~ up to 107 s~'. Close to a collimator, scintillators offer the 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 is not so large, due to the
slower time variation. For the detection of those, ionization chambers are often used.

Beam loss monitors are relatively cheap instruments and are installed outside the vacuum. At
most facilities, they are mounted at many locations along the accelerator to have a good spatial
coverage. Beside special insertions they are mostly mounted closed to the focusing quadrupoles,
because the beam has normally its maximum transverse size there. This also offers the possibility
to distinguish between horizontal and vertical losses. The required time resolution depends very
much on the application: For a bunch-to-bunch diagnostics, fast responding detectors (reaction
time less than 100 ns), like scintillators or PIN diodes, are needed. Ionization chambers are
much slower having only ~ 100 ps time response.
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Figure 8.9: Simulation of a secondary particle distribution (hadron shower) due a proton loss
inside a quadrupole for the LHC and 7 TeV protons [136]. The maximum of the shower is about
1 m from the loss point.

The position of the 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 has to be calculated using an adequate software code. For high energies, the
well known code GEANT [137] is used in most cases, as shown in Fig. 8.9 for the case of the LHC
beam. Of course, an assumption of the primary particle loss is needed. A loss at a quadrupole
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Figure 8.10: Counts per spill from three loss monitor locations and the current at the experiment
as a function of the angle electrostatic septum at the GSI synchrotron [132].

is assumed in Fig. 8.9. This is the most probable location, because the beam has the largest
width there.

8.4 Beam loss monitoring for alignment

Beam loss monitors have two main advantages, namely the 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, beam loss monitors can be mounted densely. An example
for the slow extraction at the GSI synchrotron is shown in Fig. 8.10. 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 (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 works better than by looking at the transmitted current, as demonstrated by the top
curve in Fig. 8.10.

To have a stable beam stored inside a synchrotron, the tune has to be chosen quite carefully
to avoid tune-resonances resulting in transverse beam blow-up. The mechanical alignment and
the settings of the various magnets is never in perfect agreement with the theory, therefore
the optimal setting for the beam has to be found experimentally. The beam blow-up can be
measured precisely by putting a scraper close to the transverse beam tail inside the vacuum
tube. The amount of beam particles hitting this scraper can be determined by a beam loss
monitor mounted close to the scraper. In Fig. 8.11, the loss rate normalized to the circulating
current is determined as a function of the machine tune. The tune is varied by changing the
main quadrupoles slightly. At certain settings, the loss rate increases. By a beam-optics theory
aided alignment of all important elements, the beam loss is minimized and an optimal storage
is performed [138]. More advanced experiments can be realized, 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 enlargement) or Touschek scattering (i.e. transfer of transverse
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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 2 = D - Ap/p, while at locations with D = 0 only the transverse
effect is seen [139].
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Frequently used abbreviations

ac
ACCT
ADC
amp
BIF
BLM
BSM
BTF
BW
CCD

dc
DCCT
DTL
DSO
DSP
FFT
FWHM
Grid
Harp
HV

IC

IF

IPM

IR

LO
MCP
mw
MWPC
NWA
op-amp
OTR
PHD
PMT
pre-amp
rf

RFQ
RGM
SEEM
SEM
SEM-grid
SLM
SPA
SR
SRM
TOF
Uuv
WCM

alternating current

alternating current current transformer
analog-digital converter

amplifier (electronic device)

beam induced fluorescence monitor

beam loss monitor

bunch shape monitor

beam transfer function

band-width for electrical devices

charged coupled device for a camera

direct current

direct current current transformer

drift tube LINAC

digital signal oscilloscope

digital signal processor

fast Fourier transformation

full width half maximum

identical with SEM-grid for profiles

identical with SEM-grid for profiles

high voltage above ~ 1 kV

ionization chamber

intermediate frequency for a rf-mixer

ionization profile monitor, identical with RGM
infra red light

local oscillator for rf-mixer

micro channel plate

micro waves with 1 GHz < f < 100 GHz

multi wire proportional chamber for profiles
network analyzer

operational amplifier (electronic chip device)
optical transition radiation for profiles

pulse height distribution for particle detectors
photo-multiplier tube

first stage amplifier direct behind detector (fully equipped electronic device)
radio frequency with 100 kHz < f < 1 GHz

radio frequency quadrupole LINAC

residual gas (profile) monitor, identical with IPM
secondary electron emission monitor, identical with SEM
secondary electron (emission) monitor, identical with SEEM
secondary electron emission grid for profiles, identical to harp
synchrotron light monitor

spectrum analyzer

synchrotron radiation

synchrotron radiation monitor

time-of-flight

ultra violet light

wall current monitor
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