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Abstract

The International Linear Collider (ILC) is an electron-positron collider with a
center-of-mass energy between 200 and 500 GeV and a peak luminosity of 2 ·
1034 cm−2s−1. For the physics program at this machine, an excellent bunch-by-
bunch control of the beam energy is mandatory. Several techniques are foreseen
to be implemented at the ILC in order to achieve this request. Energy spec-
trometers upstream and downstream of the electron/positron interaction point
were proposed and the present default option for the upstream spectrometer is a
beam position monitor based (BPM-based) spectrometer. In 2006/2007, a proto-
type of such a device was commissioned at the End Station A beam line at the
Stanford Linear Accelerator Center (SLAC) in order to study performance and
reliability. In addition, a novel method based on laser Compton backscattering
has been proposed, since as proved at the Large Electron-Positron Collider (LEP)
and the Stanford Linear Collider (SLC), complementary methods are necessary to
cross-check the results of the BPM-based spectrometer. In this thesis, an overview
of the experiment at End Station A is given, with emphasis on the performance
of the magnets in the chicane and first energy resolution estimations. Also, the
novel Compton backscattering method is discussed in details and found to be very
promising. It has the potential to bring the beam energy resolution well below
the requirement of ∆Eb/Eb = 10−4.

Keywords:Beam Energy Measurement, International Linear Collider, Magnetic
Spectrometer, Compton Backscattering



Zusammenfassung

Der International Linear Collider (ILC) ist ein Elektron-Positron-Beschleuniger
mit einer Schwerpunktsenergie zwischen 200 und 500 GeV und einer Spitzenlumi-
nosität von 2 · 1034 cm−2s−1. Für das Physikprogramm dieser Maschine ist eine
exzellente paketweise Messung der Strahlenergie von grundlegender Bedeutung.
Um das zu erreichen, sind am ILC verschiedene Techniken vorgesehen. Insbesonde-
re wurden Energiespektrometer vor und nach dem e+/e−-Wechselwirkungspunkt
vorgeschlagen. Die gegenwärtige Standardoption für das Spektrometer vor dem
Wechselwirkungspunkt ist ein auf Strahllagemonitoren basierendes Magnetspek-
trometer. In den Jahren 2006/2007 wurde ein Prototyp eines solchen Spektro-
meters in der End Station A am Stanford Linear Accelerator Center (SLAC)
aufgebaut, um die Leistungsfähigkeit und Zuverlässigkeit einer derartigen Anlage
zu prüfen. Außerdem wurde eine neue Methode zur Messung der Strahlenergie
vorgeschlagen. Diese beruht auf Compton-Streuung von Laserlicht an den Strahl-
elektronen und erlaubt, die geforderte Energiegenauigkeit von ∆Eb/Eb = 10−4 zu
erreichen. Erfahrungen von dem Large Electron-Positron Collider (LEP) und dem
Stanford Linear Collider (SLC) zeigten, dass komplementäre Energiemessmetho-
den notwendig sind, um die Ergebnisse des BPM-Spektrometers zu überprüfen.
In der vorliegenden Arbeit werden eine Übersicht über das Experiment am SLAC
und erste Ergebnisse präsentiert. Des Weiteren wird die neue Methode der Laser-
Compton-Streuung beschrieben und wichtige Aspekte detailliert besprochen.

Schlagwörter: Strahlenergie Messung, International Linear Collider,
Magnetisches Spektrometer, Compton-Streuung
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Introduction

The largest electron/positron collider built so far was the Large Electron Positron Col-
lider (LEP) [1] at CERN, a storage ring of nearly 27 km of circumference. Here, e+/e−

particles using the same beam pipe were circulated in opposite direction and accelerated
up to the final energy. The machine started operation with a beam energy of ∼45 GeV
in 1989 (LEP 1). In 1996, LEP 1 was upgraded and the beam energy was ramped to 81
GeV (LEP 2), with further increases each year up to 104 GeV reached in 2000. After
that, the machine was shut down. The advantage of a storage ring compared to a linear
collider is that the particles can be kept longer for collisions. Its major drawback is the
energy loss per turn due to synchrotron radiation, U0 = CγE

4
b /ρ, where Cγ is a constant

of about 8.86 · 10−5(GeV)−3, Eb the beam energy and ρ the effective radius of the ma-
chine. As can be seen, the energy lost per turn in a storage ring increases dramatically
with beam energy. Less energy loss needs an increase of the radius of the machine, but
cost problems limit this option. At LEP, the energy lost per turn was compensated by
more RF cavities in the straight sections of the collider and higher field gradients created
by the klystrons. Further increase of the beam energy beyond the maximum was limited
by the available space and the capabilities of the klystrons. At e.g. 100 GeV, the energy
loss per turn was 2.9 GeV. At a linear collider, the energy loss during acceleration is
negligible, so that for a future collider where electrons and positron are intended to be
accelerated beyond 100 GeV beam energy a linear configuration is mandatory.
LEP was built right after the discovery of the Z andW bosons [2, 3] at the Super Pro-

ton Synchrotron (SPS) [1] after its conversion to a proton-antiproton collider. The vector
bosons Z and W were extensively studied at LEP, and the results obtained achieved
an unprecedented precision. Further examples in the past where a hadron machine was
used to discover new particles were the discoveries of the bottom and top quarks at
Fermilab in 1977, respectively, 1995 [4–6]. The bottom quark was studied in details at
lepton colliders, e.g. at LEP and SLC, whereas the top is expected to be studied with
best precision at an e+/e− linear collider, the (probably) most suitable instrument under
clean experimental conditions. Indeed, a hadron machine has an excellent potential to
discover new particles within a large mass range. However, the drawback is the presence
of large background, mainly due to strong interactions. For that reason it is generally
believed that after the discovery of new particles, their properties are better measured
with an electron/positron collider. Such a collider suppresses much of the background
(due to hadronic interactions) and has the advantage of knowing precisely the parame-
ters of the colliding beams such as energy and polarization, allowing to perform precise
measurements.
At present, the Large Hadron Collider (LHC) is proposed for running at CERN. It is

a hadron machine built in the tunnel of LEP which accelerates two proton beams. This
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machine is supposed to answer main questions of the today’s particle physics such as
the existence of the Higgs boson(s) and of supersymmetric particles, the origin of the
dark matter and the existence of extra dimensions. Following LHC, an electron/positron
collider is supposed to measure precisely the parameters of possible new particles. Such
a facility is under study over the last fifteen years, and is called today the International
Linear Collider (ILC). The ILC is a 250÷500 GeV center-of-mass high-luminosity linear
collider, based on 1.3 GHz superconducting radio-frequency accelerating cavities. The
use of this technology was recommended by the International Technology Recommen-
dation Panel in August 2004 [7] and shortly thereafter endorsed by the International
Committee for Future Acceleration [8]. Today, many institutes around the world are
involved in linear collider R&D united in a common effort to produce a design for the
ILC.
The basic requirements of the ILC are to operate at a center-of-mass energy above√
s = 200 GeV, upgradeable to 1 TeV, with a design peak luminosity of 2 · 1034cm−2s−1,

corresponding to an integrated luminosity of 500 fb−1 for the first four years of operation
at 500 GeV cms energy. As already mentioned, monitoring the beam parameters is an
essential ingredient for precise measurements. At the ILC, energy and polarization
are intended to be measured absolutely with a relative accuracy of 0.1h and 0.1%,
respectively, or better.
Several techniques are proposed to be implemented at the ILC in order to achieve

an excellent bunch-to-bunch beam energy control. In particular, energy spectrometers
upstream and downstream the of electron/positron interaction point (IP) are believed to
be necessary [9]. The default option for the upstream spectrometer is based on a chicane
of magnets including beam position monitors (BPMs), the BPM-based spectrometer. In
the years 2006/2007, a prototype of such a device was commissioned at the End Station
A beam line at the Stanford Linear Accelerator Center in order to study its performance
and reliability, denoted as the experiment T474/491 [10–12]. In this experiment, my
tasks concerned monitoring the B-field integral of the magnets and to evaluate the
energy resolution of the spectrometer.
In addition, a new method for beam energy determination based on laser Compton

backscattering was proposed and its feasibility was studied [13]. Here, the average energy
of beam particles in a particular bunch is measured, by using the effect that photons from
a laser beam can interact with single bunch electrons and from the distinct properties
of the scattered particles the beam energy can be deduced. In fact, experiences at
LEP and SLC proved that complementary methods of monitoring the beam energy are
important and should be implemented in order to cross-check the results of the BPM-
based spectrometer.
The thesis is organized as follows. Chapter 1 provides a general description of the ILC

accelerator complex including a discussion of measurements which need precise beam
energy determination. In Chapter 2 on overview on past experiences on beam energy
measurements is given. Chapter 3 describes the goal and layout of the experiment
T474/491 in some details. Chapter 4 summarizes the results of the B-field measurements
for the magnets of the prototype BPM-based spectrometer at SLAC. In Chapter 5 the
beam energy resolution of the spectrometer is evaluated, while in Chapter 6 the studies
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performed to evaluate the feasibility of a novel method for fast and precise beam energy
monitoring based on laser Compton backscattering are presented. At the end of the
thesis, the conclusions are given.





1 The International Linear Collider
In this chapter a general and short description of the current baseline of the ILC as
presented in the Reference Design Report (RDR) [9] will be given.

1.1 ILC Basic Design
A schematic view of the ILC complex is given in Fig. 1.1 which indicates the major
sub-components:

• a polarized electron source based on a photocathode DC gun;

• an undulator-based positron source, driven by the 150 GeV electron beam, located
in the main linac tunnel;

• two damping rings, where the two beams are circulating at 5 GeV;

• beam transport from the damping rings to the main linacs, followed by a two-stage
bunch compressor and spin rotator system;

• two 11 km long main linacs;

• a beam delivery system of 4.5 km total length which brings the two beams with a
14 mrad crossing angle to the physics e+e− interaction point (IP).

Table 1.1 summarizes major machine and beam parameters.

1.1.1 Electron Source
The electron source is composed by a photocathode in a DC gun illuminated by a
laser. Two independent laser and DC gun systems provide redundancy. The main
requirements for the electron source imply creation of a bunch train of highly polarized
electrons (>80%), to capture and accelerate the beam up to 5 GeV, and to transport
the particles to the damping ring. Acceleration of the electrons is done in two steps. In
the first step, the bunch is accelerated up to 76 MeV including bunching of the beam.
After that, the energy is collimated by means of a vertical 4-magnet chicane and the
beam will be accelerated to 5 GeV using superconducting cavities. Prior the damping
ring the spin will be rotated to be parallel to the magnetic field in the damping ring and
some energy compression is performed. A schematic layout of the polarized electron
source is given in Fig. 1.2.
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Figure 1.1: Basic layout of the ILC complex at
√
s = 500 GeV. An upgrade to

√
s = 1

TeV requires an extension of the linacs and the beam transport lines by 11
km.

1.1.2 Positron Source

After accelerating to 150 GeV, the electrons pass through a 150 m long helical undulator
and afterwards they return to the electron linac. The electrons in the undulator generate
high-energy (∼10 MeV) photons which are collimated and directed onto a target about
500 m further downstream. Here, e± pairs are produced which are, after some matching
and capturing, directed to a first RF cavity and accelerated up to 125 MeV. A dipole
magnet selects the positrons and further acceleration to 400 MeV is followed, while
the electrons and remaining photons are dumped. Solenoid fields after the γ → e+e−
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Machine and bunch parameters Value Unit
Center of mass energy 500 GeV
Peak luminosity 2 · 1034 cm−2s−1

Accelerating gradient 31.5 MV/m
Bunch train repetition rate 5 Hz
Bunch train length 1 ms
Number of Bunches per train 2625
Bunch population 2 · 1010

Linac bunch interval 369 ns
RMS bunch length 300 µm
Typical beam size at IP (horizontal × vertical) 640× 5.7 nm
Normalized emittance at IP (horizontal × vertical) 10×0.04 mm×rad

Table 1.1: Basic design beam and machine parameters for the
√
s = 500 GeV configu-

ration of the ILC.
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Figure 1.2: Schematic layout of the electron source.

conversion target and in the preacceleration phase reduce the divergence of the positrons
so that they are able to match the optic requirements. After that, the particles are
accelerated up to 5 GeV using superconducting cavities and then directed to the damping
ring. It is expected to generate positrons with a polarization of ∼ 30%, with a possible
upgrade up to ∼ 60%.
In addition to this source a second option has been proposed. It is called the "Keep-

Alive" source (KAS) where the electrons right after preacceleration to ∼500 MeV are
used to create positrons within a heavy-metal target when the high-energy electron
beam is not available. The intensity of the positron beam is, however, lowered to some
10% of the nominal positron beam. Figure 1.3 shows a schematic representation of the
positron source.
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Figure 1.3: Schematic layout of the positron source.

1.1.3 Damping Rings
At the center of the ILC complex two damping rings exist. Here, the two beams are
injected with 5 GeV. The design of the damping rings is constrained by the timing
scheme of the linac such that the rings must be large enough to contain a whole train of
bunches and, simultaneously, reduce to emittance in less than 200 ms, which corresponds
to the train spacing. These rings have a circumference of roughly 6.7 km and are located
10 m above the linac plane to ensure appropriate shielding. The main purpose of the
dumping rings is to reduce the horizontal and vertical emittance of the beam through
emission of synchrotron radiation. For example, the positron vertical emittance is aimed
to be reduced by six orders of magnitude.

1.1.4 Main Linacs
After the damping ring the e+/e− beams are transported to the main linacs. Before
entering the linacs the particles are accelerated up to 15 GeV and some spin rotation
is applied. Also, a 180◦ turn-around is proposed, which enables feed-forward beam
stabilization. The main linac is supposed to accelerate electrons and positron up to 250
GeV, using ∼17000 superconducting RF cavities (SCRF cavities). The very low power
loss in the SCRF cavity walls allows the use of long RF pulses.
For particle acceleration, 1.3 GHz (L-Band) nine-cell standing-wave niobium cavities

(Fig. 1.4) with an average gradient of 31.5 MV/m in 2 K superfluid helium bath are
proposed. The supposed gradient is somewhat higher than typical gradients of modern
superconducting cavities. The highest gradient obtained so far is 50 MV/m in a single
cell cavity, but the most challenging task for the ILC is to be able to bring high gradient
cavities to mass-production level. The key objectives for high cavity performance is
ultra-clean and defect-free inner surfaces. Hence, preparation and assembly must be
made in high-class clean-room environments.
Nine cavities are mounted together to a string and inserted in a common low temper-

ature cryostat, the cryomodule. The total length of a cryomodule is ∼12.7 m.
A two-tunnel system (possibly hundreds of meters) underground separated by a dis-
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Figure 1.4: A nine-cell 1.3 GHz superconducting niobium cavity.

tance of 5÷ 7 m is proposed. The first tunnel, the main tunnel, hosts the acceleration
components and the other serves as service tunnel with the RF system, the power sup-
plies and instrumentation racks. Such a schema allows access during beam operation
and protects the electronics from radiation damages. Penetrations between the tunnels
are foreseen for wave guides, signal and high voltage cables. The main linacs follow the
curvature of the earth in order to simplify liquid helium transport. The two linacs are
each 11 km long and the upgrade to

√
s = 1 TeV requires an additional extension of

about 11 km.

1.1.5 Beam Delivery System
After the main linac the beam delivery system (BDS) follows which transports and
focuses the beams to the interaction point (IP). After collision, the spent beams are
transported to the main dumps. The BDS is 4500 m long and its main purposes are:

• perform extensive beam diagnostics and match the beams into the final focus;

• protect the beam line and detector against mis-steered beams;

• remove any large beam-halo to minimize the background in the detector.

The layout of the BDS is shown in Fig. 1.5. Right after the linac, sacrificial collimators
are present to protect the beam line in cases of large off-axis beams. High resolution
BPMs and kickers provide an intra-train feedback system to correct the trajectory. Four
laser wire systems perform emittance diagnostics. They measure the horizontal and
vertical beam sizes with a precision of 1 µm. A 4-magnet chicane after the emittance
diagnostic system is used for Compton polarimetry and energy diagnostics. In the
mid-chicane, a collimator is placed for energy collimation together with a laser-electron
beam interaction section, from where backscattered electrons and photons are utilized
to measure the beam polarization. An emergency extraction line is placed after this
chicane and used to extract the beam in cases of a fault or to dump the beam when not
needed at the IP, for example during commissioning of the system.
As seen in Fig. 1.5, an energy collimation system composed of a long chain of dipoles

follows. These collimators remove the beam-halo, which can create unwanted back-
ground in the detector. In fact, it is required that no particle loss occurs in the last
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Figure 1.5: Layout of the beam delivery system with the main subsystems starting from
the end of the main linac up to the interaction point (IP). The abscissa is
the distance from the IP (m) and the ordinate the horizontal position of
elements (m).

hundreds meter of the BDS and synchrotron radiation must pass cleanly through the
IP. Furthermore, a wall shield is placed after the collimation system to suppress muon
background generated by electromagnetic showers. The very penetrating muons are
shielded from the detectors by this magnetized wall. The magnetic field of the wall has
opposite polarities in the right and left halves so that the B-field at the beam line is
zero, providing good suppression for the muons and, at the same time, no impact on
the orbit of the beam.
Beam diagnostics is an important key feature of the beam delivery system. Upstream

and downstream of the IP, energy and polarization measurement systems are proposed.
For upstream polarization measurement, a Compton polarimeter is employed and, for
upstream energy measurement, a BPM-based spectrometer constitutes the default op-
tion. Downstream of the IP, a synchrotron radiation spectrometer measures the spent
beam energy and a further Compton polarimeter its polarization.
On both sides of the interaction region, calorimeters will be installed very close to

the beam pipe to detect particles emitted at small angles. Measuring, for example,
the energy deposition from Bhabha events in the angular range 30 ÷ 90 mrad, the
ILC luminosity is expected to be deduced with a precision of 10−3. At smaller angles,
detection of beamstrahlung e+e− pairs provides fast monitoring of beam parameters
such as the transverse bunch size and the bunch length.
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The BDS is supposed to operate, except of few minor changes, also for the
√
s = 1

TeV cms energy upgrade.
For cost saving reasons, a single interaction point shared by two detectors with a

"push-pull" option is foreseen at the ILC.
In preparing the Technical Design Report for ILC completed and documented by

the end of 2010, some components of the ILC accelerator complex are now redefined
toward a more coherent and optimized performance-to-cost-to-risk ratio. Some of the
most complex and difficult changes under consideration are a) to replace the double-
tunnel configuration by a single-tunnel configuration, b) to redesign the damping ring to
smaller circumference and c) to replace the undulator-based positron production source
by a conventional source based on Compton backscattering.

1.2 Physics at the ILC

Concerning the physics program, an important task at the ILC is to measure parameters
and properties of new particles and couplings. In 1983, the Z and W gauge bosons were
discovered at the SPS and 10 years later, LEP an electron-positron collider, performed
precise measurements for both particles with a precision in the order of 10−4 [14, 15].
Fundamental prerequisites of such measurements were the knowledge of initial beam
parameters, for example the energy of the beams. One major advantage of a lepton
collider compared to a hadron machine is that definite initial state conditions exist.
At the LHC, a proton-proton collider, interactions occur between basic constituents of
the hadron, i.e. between quarks and gluons. Here, the energy and momentum carried
by these particles vary within relatively broad distributions, described by the parton
distribution functions. At a lepton collider, the initial state of the colliding particles
is well defined, in particular energy, momentum and polarization are well known and
provide important constraints when measuring the properties of new states. An example
for such measurements at the ILC is the precise determination of the top quark mass by
the so-called "mass scan": counting the number of top-antitop events near the production
threshold provides its mass since the cross section rises very fast near

√
s = 2mt [9].

At the ILC it is planned to perform such measurements, but some additional draw-
backs have to be taken into account. Apart from having sufficiently high luminosity,
effects such as beamstrahlung, beam spread and initial state radiation (ISR) modify the
original luminosity spectrum dL/d

√
s as shown in Fig. 1.6 (right), so that the precise

top mass determination is more sophisticated [16].
Tools have been developed to account for such effects. In particular, the acolinearity

of Bhabha events provide, together with beam-beam Monte Carlo simulations, a relative
differential luminosity spectrum, like the one shown on the right-hand side of Fig. 1.6
[17]. The upper curve represents the luminosity spectrum taking into account all effects,
namely the beamstrahlung, the initial state radiation and beam spread. In the lower
curve the initial state radiation and spread are counted for, while the sharp curve visible
on the right side of the figure shows only the contribution of beam spread. Thereby, the
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Figure 1.6: Right: Relative luminosity-weighted center-of-mass energy dL(x)/dx. Left:
Impact of dL(x)/dx on the shape of σtt̄, where x =

√
s′/
√
s and

√
s the

nominal center-of-mass energy,
√
s = Ee+

b + Ee−
b , and

√
s′ the effective cms

energy. Default represents the case of a perfect monochromatic beam. The
tails at lower energies are due to the particle width.

observed tt̄ cross section at the nominal center-of-mass energy
√
s can be written as

σobs(
√
s) =

∫ 1

0

dL(x)
dx

σ(x
√
s)dx , (1.1)

where dL/dx is the differential luminosity, with x =
√
s′/
√
s and

√
s′ the effective

center-of-mass (cms) energy. As can be seen from Fig. 1.6 (left), the impact of different
contributions on the shape of the observed tt̄ cross section, σobs(

√
s), is significant and

needs careful analysis of the data. In the figure, the upper curve is the cross-section
calculated for monochromatic beam (indicate as "default" in the figure). The lower
curves are the cross-section where additional effects are added up, namely the beam
spread, the beamstrahlung and initial state radiation.
In general, the effective center-of-mass energy of the e+/e− collision,

√
s′, is 3 ÷ 4%

smaller than the nominal cms energy,
√
s, calculated as the sum of the upstream beam

energies of both beams. However, in the analysis for mt the data are plotted against
√
s

(see left-hand side of Fig. 1.6), whereas in Eq. (1.1) both the effective and nominal cms
energy are present. The consequence of this is that the measurement of σtt̄ as a function
of
√
s depends on the beam energy error ∆Eb, which is directly connected to the error

of the top mass, i.e. ∆Eb/Eb = ∆mt/mt. For physics reasons it is argued to measure
the top mass with a relative precision of 3 ·10−4, which in turn requires to determine the
beam energy with an accuracy of 10−4. Otherwise, ∆Eb becomes the main systematic
contribution to ∆mt.
Another example of mass measurements at the ILC is the Higgs boson mass deter-

mination through the Higgs-strahlung process. Here, the Higgs boson is produced in
association with the Z boson. The final states to be taken into account for the analysis
are: HZ → bb̄qq̄, HZ → bb̄e+e− and HZ → bb̄µ+µ− [18]. It is proposed to apply
kinematic fits, imposing four-momentum conservation, to events with a pair of isolated
leptons having an invariant mass compatible with the Z mass and 2 jets, or to 4-jet
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events with a 2-jet invariant mass in accord with the Z boson. The Higgs mass is then
reconstructed after the fitting procedure as the invariant mass of the 2 jets assigned to
it. Using

√
s = 350 GeV and 500 fb−1 accumulated luminosity, simulations indicate that

a statistical error of 40 MeV for the Higgs mass mH can be achieved. Dedicated studies
were performed to investigate the impact from the error of the beam energy, the beam
spread and uncertainties in the differential luminosity spectrum on mH [19]. It was
found that the systematic error on the Higgs mass depends linearly on the uncertainty
of the beam energy as

• ∆mH ∼ 0.8 ·∆Eb for the HZ → bb̄qq̄ channel and

• ∆mH ∼ ∆Eb for the HZ → bb̄l+l− channel.

To keep this systematical error below the statistical one, the beam energy has to be
measured with a precision of 10−4. In addition, the beam spread increases the sta-
tistical error of mH by additional 5 ÷ 10 MeV and the parameters of the luminosity
parametrization must be known with an uncertainty of 1% in order to keep ∆mH below
40÷ 50 MeV.
These two examples of mass measurements imply precise evaluation of Eb. A further

argument which points to perform beam energy measurement with high precision is the
estimation of the integrated luminosity,

∫
Ldt, which is used to calculate any reaction

cross-section from the recorded number of events. The technique used to determine∫
Ldt is based on counting Bhabha events since the cross-section for this process is a

priori very well known. The cross-section is proportional to the inverse of the square of
the center-of-mass energy, hence, a wrong Eb estimation will lead to a mismeasurement
of the luminosity.
Machine simulations revealed that Eb might have a large jitter between bunches and,

in addition, a strong head-tail effect inside the train might be present. These effects
were estimated to be in the same order of magnitude as the beam energy spread of
∼10−3. Thereby, monitoring the beam energy bunch-to-bunch with a precision of 10−4

is necessary to reconstruct the distribution of Eb within the train. This information
can also be used as additional input for an improved parametrization of the differential
luminosity L(x). Also, bunch-to-bunch beam energy measurements have some funda-
mental importance for the study of possible correlations between electron and positron
beam bunches.





2 Beam Energy Measurement
Techniques

In this chapter a review on most common techniques for beam energy measurements
will be presented. In Sect. 2.1 some details on several well established methods are
outlined. Section 2.2 discusses applications of these methods in the past and the results
obtained at electron-positron linear colliders and storage rings where accurate beam
energy determinations were requested. The last section, Sect. 2.3, describes suitable
options for beam energy measurements at the ILC.

2.1 Review on Methods

2.1.1 Resonant Depolarization

In a storage ring, electrons and positrons become transversely polarized through the
Sokolov-Ternov effect [20] due to the emission of synchrotron radiation. The time-
dependent level of the polarization is given by

Pe = P0(t− e−t/τ0) . (2.1)

The time constant τ0 depends on the energy and geometry of the storage ring. For LEP
at Eb=45 GeV for example, τ0 was 5.7 hours. The upper limit of the polarization, P0, is
92.4%. The precession of the spin ~s of a relativistic particle is described by the so-called
Bargmann-Michele-Telegedi equation [21]

d~s/dt = ~s× ~ωBMT , (2.2)

with

~ωBMT = c

Eb

[
(γa+ 1) ~B − a γ2

γ + 1(~β · ~B)~β −
(
γa+ γ

γ + 1

)
(~β × ~E)

]
. (2.3)

Eb is the particle energy, γ the Lorentz factor, ~β = ~v/c, a the anomalous magnetic
moment of the electron and ~B and ~E are the magnetic and electric fields, respectively.
If we assume ~E = 0 and ~B|| = 0, with ~B|| as the fraction of the magnetic field along
the beam direction, the spin precesses around the vertical Y-axis with a frequency
ωBMT = ωc(1 + γa), where ωc = eBy/meγ is the rotation frequency of the beam in the
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storage ring. It is customary to define the spin tune [22]

νs = γa = ωBMT

ωc
− 1 . (2.4)

Resonant depolarization is produced by exciting the beam with an oscillating magnetic
field generated by a vertical kicker magnet. This field is perpendicular to the beam axis
and the bending field of the ring. If the frequency of this horizontal field is in phase with
the spin precession and the revolution frequency ωc, a resonance condition occurs and
polarization disappears [23]. More generally, depolarization occurs if a weak depolarizing
field with frequency ωD is applied and the following condition is satisfied [22]:

n = nsνs ± nxQx ± nyQy ± nzQz ± (ωD
ωc

) . (2.5)

Here, n is an integer, Qx and Qy are the betatron and Qz the synchrotron tunes. At
the lowest mode with ns = 1, nx = ny = nz = 0, this relation can be rewritten as [23]

ωD = (k ± [νs]) · ωc , (2.6)

with k an integer and [νs] the fractional part of νs. Its integer part is determined from
the setting of the bending field.

According to Eq. (2.4), the spin tune and the beam energy are related

νs = γa = aEb
mc2 , (2.7)

so that for an electron-positron storage ring (like LEP) the spin tune is

νs = Eb[MeV]
440.6486(1)[MeV] . (2.8)

If νs is measured, the beam energy Eb can be determined with very high accuracy. To
measure νs, an oscillating RF B-field is applied after the beam is transversely polarized.
The frequency of this field, ωD, is swept within a certain interval and, if necessary,
repeated for different intervals until depolarization is observed.

The accuracy of the resonant depolarization method is exceptional and if implemented
in storage rings an absolute beam energy error up to 2 · 10−6 has been achieved. The
drawback of this option of Eb determination is the existence of a transversely polarized
beam and the time to polarize the beam through the Sokolov-Ternov effect. This implies
that this method cannot be used at a linear collider. Even in storage rings there are
limitations. For example at LEP, the method could not be applied for beam energies
above 61 GeV, since it was not possible to generate transversely polarized beams [24, 25].
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2.1.2 Compton Backscattering
Compton scattering is a well-known process where a photon scatters elastically with an
electron [26]

e+ γ → e+ γ . (2.9)

When a photon with an energy between 100 keV and 10 MeV travels through matter,
it can interact with an electron which is bounded to an atom. Since the energy of the
electron is very small compared to that of the photon, it can be considered at rest and
free. So, in the rest frame of the electron (Fig 2.1) the final state energy of the photon
is given by

Eγ = Eλ
1 + (1 + cos θγ)Eλ/m

, (2.10)

with π − θγ as the scattering angle, Eλ the initial energy of the photon and m the rest
mass of the electron.
For θγ = 0, the energy of the scattered photon is smallest, while that of the electron

is largest and is called the Compton edge energy.

Figure 2.1: Kinematics of Compton scattering in the rest frame of the initial electron.

If the initial electron is not at rest but moves along the Z-direction with some energy
as in a collider, the energy of the scattered electron/photon is simply obtained by a
boost γ from the electron rest to the laboratory frame. Considering an initial photon
which moves along the Z-direction and collides head-on with the electron, the energy of
the scattered photon in the laboratory system results in

ELab
γ = γEγ(1 + β cos θγ) , (2.11)

with γ = Eb/m and β = v/c; v is the electron velocity and c the speed of light.
Moreover, Eλ, the initial energy of the photon in the electron rest frame, can be
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expressed by the initial photon energy in the lab frame ELab
λ

Eλ = γELab
λ (1 + β) . (2.12)

Finally, according to Eqs. (2.10), (2.11) and (2.12), the energy of the scattered photon
in the lab frame results in

ELab
γ = ELab

λ

1 + β cos θγ
1− β + (1 + cos θγ)ELab

λ /Eb
, (2.13)

and the relation between θγ and θLabγ , the scattering angle in the lab system, is

tan θLabγ = sin θγ
γ(cos θγ + β) . (2.14)

It is interesting to note that the maximum energy of the scattered photon in the lab
frame corresponds to the smallest energy of the photon in the rest frame. Indeed, the
maximum energy of the scattered photon in Eq. (2.13) is obtained for θγ = 0

ELab
γ,max = ELab

λ

1 + β

1− β + 2ELab
λ /Eb

. (2.15)

As can be seen, the boost suppresses the photon scattering angle in the lab frame
by γ. In general, an electron beam colliding head-on with laser light results in photons
which are "back" scattered and concentrated in a very small cone of aperture θLabγ . This
is the reason to call the process e + γ → e + γ as Compton backscattering (CBS). In
particular, backscattered photons with maximum energy, ELab

γ,max, have θLabγ = 0.

From now on we will, if not otherwise specified, refer to quantities defined in the lab
system. If the electron beam is not polarized, the energy spectrum of the scattered
photons is given by

dσc
dy

= 2σ0

x

[
1

1− y + 1− y − 4r(1− r)
]
, (2.16)

where y = Eγ/Eb, x = 4EbEλ/m2 and r = y/[(1 − y)x]. Equation (2.16) diverges for
y → 1, that is for Eγ → Eb, but kinematic constraints impose a limit on Eγ, being in
the range Eγ ∈ [Eλ, Eγ,max]. The energy of the incoming laser photon, Eλ, is usually
very small, especially if compared with typical beam energies and is therefore often
considered to be zero.

A typical photon spectrum of backscattered photons is shown in Fig. 2.2. As can
be seen, the spectrum has a cut-off at Eγ,max, the Compton edge. This maximum
energy, if precisely measured, provides access to the beam energy Eb via Eq. (2.15). In
the past, beam energy measurements based on Compton backscattering relied on the
determination of Eγ,max.
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Figure 2.2: Photon spectrum dσc/dy as a function of the backscattered photon energy
y = Eγ/Eb. The vertical line shows the cut-off energy Eγ,max, while dσc/dy
diverges for Eγ/Eb → 1 as indicated by the dashed line.

2.1.3 Deflection in a Dipole Field

When a particle passes through a perfect homogeneous magnetic field, it is bent by the
Lorentz force in the plane perpendicular to the field direction, with a circular trajectory
of radius R[m] = p⊥[GeV]/(Kb ·B[Tesla]), where the constant Kb is 0.299792458. If the
particle is relativistic and the momentum perpendicular to the magnetic field, we can
replace the modulus of the momentum by its energy Eb.
Figure 2.3 illustrates the path of a charged particle entering perpendicularly a dipole

magnet of length l. From the figure one derives for the displacement of the particle, X,

Figure 2.3: Path of a charged particle inside a magnet with a field perpendicular to the
particle momentum.
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Figure 2.4: Schematic representation of a particle trajectory through a sector dipole
magnet with homogeneous field and sharp edge field with the nominal tra-
jectory indicated by the dashed line. The particle enters the magnet with
an angle α and an offset ∆. During traversing the magnet the particle is
represented by the point-dashed line and at the exit its position is (Z1, X1).

downstream of the magnet

X = R− l

tan θ + L · tan θ , (2.17)

with tan θ = l/
√
R2 − l2. Expanding Eq. (2.17) as a function of l/R one obtains

X =
(
L+ l

2

)
· l
R

+ L

2 ·
(
l

R

)3

+O
( l

R

)5
 . (2.18)

For high energy electrons, l/R is often very small, so that Eq. (2.18) can be rewritten
as

X '
(
L+ l

2

)
· l
R

=
(
L+ l

2

)
· KbBl

Eb
. (2.19)

When the beam enters the magnet not perpendicularly but with a small angle α and if
α� θ, the exit angle of the particle is simply θ′ = θ + α.

Equation (2.19) reveals that a magnet introduces a coupling between the coordinate
X and the beam energy, so that measuring the displacement X somewhere downstream
of the magnet provides a measurement of the beam energy Eb, provided the product Bl
or the B-field integral is known. In a more general way, the formula for the position of
a charged particle at the exit of a generic magnet with B-field B, length l and radius R
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(see Fig. 2.4) becomes  Z1 = A·R′
tan (φ+π

2 )−tan (π2 +θ)
X1 = tan

(
π
2 + θ

)
Z1 +R

,

with R′ the radius of the particle trajectory inside the magnet, α the entrance angle, ∆
the offset from the magnet center at the entrance in the Z-X plane and

tan
(
φ+ π

2

)
=

tan
(
π
2 + θ

)
+ A

√
tan

(
π
2 + θ

)
+ 1− A2

1− A2

and A =
R−∆−R′ cosα +R′ sinα tan

(
π
2 + θ

)
R′

.

2.1.4 Radiative Return Events
Considering the process

e−e+ → Z/γ∗ → µ+µ−γ (2.20)

with the corresponding Feynman diagram shown in Fig. 2.5.

pe+

pe−

γ

γ∗/Z

pµ+

pµ−

Figure 2.5: Feynman diagram for the process e−e+ → Z/γ∗ → µ+µ−γ.

At sufficiently high
√
s, the incident electron and positron annihilate into a γ? or the

Z boson which then decays into a lepton pair, in our example into muons. One of the
initial state particle emits from time to time a photon along its direction (initial state
radiation, ISR). If one knows the angle θ1 and θ2 of the two final state leptons with the
emitted photon (see Fig. 2.6) as well as their invariant mass

√
s′, it is possible to infer

the invariant mass or center-of-mass energy
√
s of the initial state electron/positron pair

from
√
s =

√
s′

√1− κγ
, (2.21)

where
κγ = 2 sin (θ1 + θ2)

sin θ1 + sin θ2 + sin (θ1 + θ2) . (2.22)

Muons in the final state are highly preferable for such a study because they can be
very well identified and accurately measured. Since the photon is emitted at very small
angle, θ1 and θ2 can be considered as the muon scattering angles in the cms or lab frame.
Moreover, considering only events with a di-muon invariant mass consistent with the Z
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Θ1

Θ2

~p2

~pz

~p1

Figure 2.6: Scattering angles θ1 and θ2 of the two muons with the emitted photon. If the
photon is generated along the Z-direction, these angles can be considered as
the scattering angles in the lab frame.

boson mass mZ , e.g. between 86 and 96 GeV,
√
s′ in Eq. (2.21) can be substituted by

the Z mass and the nominal center-of-mass energy is calculated from the two scattering
angles θ1 and θ2 [27]

√
s = mz√1− κγ

. (2.23)

Figure 2.7 shows the reconstructed center-of-mass energy of Eq. (2.21) (full line) and
of Eq. (2.23) (dashed line). Each distribution shows a narrow and pronounced peak at
the correct energy value. In both cases, the simulation input for

√
s was set to 500 GeV.

Since mZ has been used instead of
√
s′, the peak in the dashed distribution at 500 GeV

is more spread out and events with
√
s bigger than 500 GeV are more abundant. The

tails observed in either case are due to events where at least one of our assumptions
failed.
Using the approach of radiative return events for

√
s determination, accumulation of

many e−e+ → µ+µ−γ events is necessary which is a time consuming process (several
months) before a precise

√
s value can be deduced. With a integrated luminosity of 100

fb−1, a relative error of ∼ 1.3 · 10−4 might be obtained [27].

Figure 2.7: Reconstructed center-of-mass energy
√
s using Eq. (2.21) (full line) and

Eq. (2.23) (dashed line).
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2.2 Energy Measurements in the Past

2.2.1 BESSY I and II
At the electron storage rings BESSY I and II in Berlin, fast beam energy monitoring
based on Compton backscattering has been performed independently on the resonant
depolarization method. Both storage rings are light sources used by, amongst others, the
Physikalisch-Technische Bundesanstalt(PTB) [28, 29], the German national metrology
institute entrusted with the realization and dissemination of the legal units. For such
a task the photon flux in the storage rings has to be known with high precision. One
fundamental input parameter for the photon flux determination constitutes the beam
energy. For BESSY I, which was operating with a beam energy between 340 MeV and
900 MeV, an accuracy of 10−4 was required, whereas for BESSY II, operating between
900 MeV and 1.7 GeV, a beam energy precision of better than 5 · 10−5 was demanded to
evaluate the photon flux for photon up to 50 keV with a relative uncertainty below 0.2%.
Employing the resonant depolarization method, such an accuracy has been achieved in
both machines. However, at energies below 340 MeV at BESSY I and 900 MeV at
BESSY II, the time to polarize the beam through the Sokolov-Ternov effect was too
long. Hence, another method was searched for and the Compton backscattering turned
out to be a suitable option. Figure 2.8 shows the layout of the experiment as performed
at both storage rings.
Light from a continuous CO2 laser was directed to a straight section of the storage

ring by an optical system. Here, the electrons interact with the laser beam and produce
Compton backscattered photons, which were detected by a high-purity Germanium
(HPGe) detector. Since the rate of the backscattered photons was relatively low, less
than one for a laser-electron bunch crossing, an energy determination of single photons
was possible and, hence, the reconstruction of their energy spectrum. To increase the
signal-to-noise ratio and to allow for a not too high counting rate, a collimator was placed

Figure 2.8: Layout of the energy spectrometer based on Compton backscattering at
BESSY I and II.
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Figure 2.9: The photon spectrum using the Compton backscattering technique. Cali-
bration photons were recorded simultaneously with Compton photons

Figure 2.10: Left: A zoom of Fig. 2.9 to show the Compton edge and two calibration lines
in more details. Right: The Compton edge approximated by a convolution
of an error function (dotted line) and a Gaussian (continuous line).

in front of the Germanium detector. Since for beam energy measurements only those
photons with an energy close to the maximum value, Eγ,max, and a scattering angle θγ
close to zero are suitable, the collimator removes only unwanted Compton photons and
background and did not affect the energy measurement. Calibration of the detector was
performed using radioactive sources. At BESSY I, since Eγ,max was around 1.1 MeV for
800 MeV beam energy, a 60Co source was suitable, since it emits photons with energy of
1.17 and 1.3 MeV and was placed before the collimator. For BESSY II, Eγ,max is around
5 MeV for a beam energy of 1.7 GeV, so a 244Cm/13C source with photons of ∼ 6 MeV
was more appropriate. The typical time scale for recording beam energy data at both
machines was 15 minutes. Figures 2.9 and 2.10 (left) display the results for an energy
monitoring run at BESSY II.
Figure 2.9 shows only the high energy part of the whole spectrum recorded. The

Compton edge and the two calibration lines are clearly visible. Their zoom is shown in
Fig. 2.10 (left). The Compton edge reveals a step behavior as expected (see Fig. 2.2),
but convoluted with the energy spread of the beam and the detector resolution. Fitting
the data by an error function convoluted with a Gaussian, the value of the Compton
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edge, or Eγ,max, is given by the peak value of the Gaussian as indicated in Fig. 2.10
(right).
As already mentioned, besides the beam energy inferred from Compton backscattering

the energy was also independently measured by the resonant depolarization method.
Very good agreement, in particularly for BESSY II, was found within 70 keV between
both measurements.

2.2.2 VEPP-4M
The VEPP-4M machine is an electron-positron collider at the Budker Institute of Nu-
clear Physics (BINP) in Novosibirsk. It delivers a maximum beam energy of 6 GeV.
VEPP-4M provided the world’s highest precision measurement on the τ lepton mass
[30]: the τ mass was measured with an error of 0.15 MeV by an energy scan, where
the error of the beam energy contributed approximately 40 keV. Running the machine
between 1.7 and 1.9 GeV, this corresponds to a relative beam energy precision of 2 ·10−5.
As at BESSY, resonant depolarization as well as Compton backscattering methods

were performed at VEPP-4M [31]. To perform resonant depolarization measurements,
the machine was needed to run in a special mode in which two bunches were injected,
one polarized and the other not. Such an operation reduced the systematic errors
substantially. After two hours of measuring, an absolute beam energy accuracy of 2 keV
was achieved.
Since rather large energy variations between calibration runs were observed, the beam

energy was independently monitored by guide field measurements assuming that Eb =
αH ·H , whereH is the B-field of a reference magnet and αH a constant. Temperature and
mechanical variations required corrections to the formula and were taken into account.
As a third option for monitoring the beam energy Compton backscattering was em-

ployed. The setup at VEPP-4M was similar to that at BESSY with one exception:
instead of a collimator, absorbers were utilized to optimize the signal-to-noise ratio as
well as the counting rate. Due to a coupling between beam energy and position of
the photons in X-direction, a misplaced collimator as used at BESSY could introduce
some additional systematic error. For beam energies between 1.7 and 1.9 GeV, Eγ,max
was about 6 MeV which allowed to utilize polyethylene as absorber material before the
HPGe detector. For detector calibration purposes only γ-sources with energies between
0.5 and 2.7 MeV were available, which required an extrapolation to 6 MeV, the expected
Compton edge energy.
Typical data taking periods took 10 ÷ 60 min. A beam energy accuracy of typically

40÷ 50 keV was obtained and the energies measured were in good agreement with the
results from the other two methods applied.

2.2.3 Stanford Linear Collider
The Stanford Linear Collider (SLC), a two miles electron/positron linear collider, ac-
celerated the particles up to a center-of-mass energy of ∼91 GeV, the mass of the Z
boson. In order to perform its physics objectives, an accurate monitoring of the beam
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energy with a relative error of less than 5 · 10−4 was demanded. For this task an en-
ergy spectrometer after the e+/e− interaction point (IP) within the extraction line was
proposed [32]. The spectrometer involves three magnets (Fig. 2.11) and one of them,
the spectrometer magnet, was well field-mapped and continuously monitored for

∫
Bdl

information. The beam displacement X, which equals to the distance between the two
horizontal synchrotron swaths, provides, together with the field integral and the dis-
tance L, the beam energy, see Eq. (2.19). The swaths were produced by two ancillary
magnets, one placed before and the other behind the spectrometer magnet.
The field integral

∫
Bdl was measured by means of the moving wire and the flip coil

techniques and in situ continuously monitored by the flip coil and probes [33]. Details
concerning techniques for local B-field and

∫
Bdl measurements will be discussed in

Chapter 4.

Figure 2.11: Schematic representation of the energy spectrometer at SLAC.

The two synchrotron radiation stripes (or swaths) were measured either by two phos-
phorescent screens, both were overlayed by an array of fiducial wires [34], or by a wire
imaging synchrotron radiation detector (WISRD) [35]. The distance of the stripes was
determined with a precision of better than 0.02%. The beam energy was measured
bunch-to-bunch with a resolution of 5 MeV and, together with a total systematic er-
ror of 20 MeV at Eb '50 GeV, a relative beam energy uncertainty of 3 ÷ 4 · 10−4 was
achieved.

2.2.4 Large Electron Positron Collider
The Large Electron-Positron Collider (LEP) was a storage ring to collide electrons and
positrons accelerated up to about 100 GeV. The program started in 1989 with LEP 1,
with a maximum energy of about 45 GeV. In 1996-2000, the machine was successively
upgraded to LEP 2 with a beam energy up to 104 GeV. Among many measurements
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performed at LEP 1 (and at SLC), the Z boson mass and its width were measured with
unprecedented accuracy, whereas at LEP 2 the W boson mass was measured with an
uncertainty of 30 ÷ 40 MeV. In both cases, precise beam energy measurements were
prerequisites to achieve such outstanding results. For example, the beam energy error
translates directly into the error of the W mass, i.e. ∆W/W = ∆Eb/Eb, in a similar
manner as for the Higgs mass proposed to be measured at the ILC. In particular, sev-
eral techniques to deduce the beam energy were implemented at LEP 2, the resonant
depolarization (RDP) method, the NMR model, the flux loop method, a BPM-based
spectrometer and the method of synchrotron radiation tune [25]. Resonant depolariza-
tion was also the only technique which provided absolute energy determination, whereas
all other techniques needed calibration.
Among all these methods, RDP provided the best accuracy, being about few MeV

for beam energies in the range of 41÷ 61 GeV. The method for continuous monitoring,
however, was the NMR model, which is based on B-field measurements in few dipole
magnets inside the ring. The relation between these measurements and the beam energy
was assumed to be linear and, after calibration using the resonant depolarization tech-
nique and taking into account possible corrections to the linear relation, fast monitoring
of Eb was possible. As already mentioned (see Sect. 2.1.1), due to strong depolarization
effects transversely polarized beams with energies above 61 GeV were not available. This
implies that resonant depolarization calibration was only feasible for Eb ∼< 61 GeV and
could not be performed for runs in the LEP 2 physics regime 81 < Eb < 104 GeV. Here,
only the NMR model was applicable at the beginning.
For redundancy and cross-checks, further techniques were developed and commis-

sioned in the LEP tunnel. The first method, already utilized at LEP 1, was the flux
loop method. Throughout many of the bending magnets of the machine a loop was
embedded to the lower pole, which allowed to determine the uncertainty of Eb to 7.5
MeV at 72 GeV and to 17.6 MeV for 106 GeV. Moreover, it was found that the difference
between the flux loop and the NMR model, EFL

b −ENMR
b , was 6 MeV at 100 GeV beam

energy.
The second approach relies on a BPM-based spectrometer. Using the idea as described

in Sect. 2.1.3, a magnet, the spectrometer magnet (being part of the lattice of LEP), was
supplemented by two stations of three beam position monitors, placed before and after
the magnet. The spectrometer magnet was accurately mapped and four NMR probes
were permanently positioned inside to monitor the B-field in situ during runs [36]. The
spectrometer, calibrated at low energies (41÷61 GeV) using the RDP method, delivered
beam energy values ESP , which were compared at higher energies with those from the
NMR model. An offset and uncertainty ESP

b −ENMR
b of −4.9± 17.8 MeV was found at

92 GeV, whereas at 70 GeV the offset was −0.6± 9.7 MeV.
Last but not least, Eb was also measured using the synchrotron tune Qs. This quantity

is related to the beam energy once other informations such as the energy loss from
synchrotron radiation and the RF voltage are known. It was found that in the physics
regime of LEP 2 the difference EQs

b − ENMR
b results in -2.8±15.8 MeV.

Using all the data available, the total error of the center-of-mass energy
√
s could be

estimated. It turned out to be not a constant but varies with
√
s. Table 2.1 summarizes
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the total uncertainties obtained as a function of the center-of-mass energy.
√
s [GeV]

161 172 183 189 192 196 200 200 205 207
Error [MeV]

25.4 27.4 20.3 21.6 21.6 23.2 23.7 23.7 36.9 41.7

Table 2.1: Errors on
√
s as a function of the nominal center-of-mass energy.

2.3 Beam Energy Measurement at the ILC
In the previous sections some relevant and successful methods for beam energy mea-
surements were discussed including special aspects of e+/e− storage rings, respectively,
linear colliders. The most precise method found so far is the resonant depolarization
method, which provides a relative beam energy uncertainty of few ppm. This method,
however, is precluded to be applied at a linear collider such as the ILC.
Radiative return events also deliver a well established absolute Eb measurement. Un-

fortunately, this method requires sufficient integrated luminosity of typically 100 fb−1

in order to achieve a relative error of
√
s of ∼ 1.3 ·10−4. Therefore, it cannot be used for

fast beam energy monitoring but provides valuable checks of the collision energy scale,
in particular for long-term calibration of beam energy measurements.
At the ILC, the baseline method to measure Eb is the BPM-based spectrometer. This

method is suitable for a very large beam energy range. However, at too low energies
limited precision on B-field measurements1, while at very high energies possible beam
emittance growth may preclude Eb determination. A spectrometer as implemented in a
storage ring such as LEP, or in linear colliders as the SLC, provided valuable bunch-to-
bunch beam energy measurements. Calibration of the device is an issue and has to be
accounted for right from the beginning.
In general and based on the physics objectives at the ILC, evaluation of the luminosity-

weighted center-of-mass energy requires the knowledge of the beam energy upstream of
the physics e+/e− IP, see Sect 1.2. Concerning the resolution, a bunch-related value of
∆Eb/Eb ' 10−4 is required to ensure that the beam energy error does not become the
main systematic error for mass determination.
Taking all arguments together, the ILC design report proposes to install upstream of

the e+/e− IP a BPM-based spectrometer, which is best located after the energy collima-
tion section and before the muon wall. Since redundancy for beam energy measurement
is very important as was demonstrated at LEP, an additional spectrometer is proposed
to be placed in the beam extraction line, the downstream spectrometer. It is very similar
to the spectrometer used at SLC, but the WISRD detector is replaced by quartz fibers.
However, when the beams are in collisions, the energy measured by the downstream

spectrometer is different from the upstream one. Therefore, it is worthwhile or even
1This happens when the B-field scales with Eb which might be not necessarily the case.
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mandatory to implement a complementary approach to the standard concept of a BPM-
based energy spectrometer for cross-checking. A promising candidate for such an inde-
pendent device consists of an upstream spectrometer based on Compton backscattering
as outlined in Chapter 6.
Compton spectrometers as employed at low energy storage rings are a priori not

practical at the ILC since precise Eb measurements require accurate information based
on large event rates. Short bunch crossings of picoseconds duration of high density
bunches preclude access to the maximum γ-ray energy out of thousands of backscattered
photons. Therefore, the method proposed for the linear collider has to be different and
relies, basically, on the determination of the minimum energy of the scattered electrons
instead of the maximum energy of the Compton photons.





3 Magnetic Chicane as Beam Energy
Spectrometer

3.1 General Considerations
As discussed in the previous chapter, an energy spectrometer based on a chicane of
magnets seems to be the suitable solution for beam energy measurements at a high
energy linear collider. A study on the feasibility of such a device was performed some
years ago [37]. In this paper a spectrometer composed of three magnets as shown in
Fig. 3.1 was proposed.

θθ

θ/2θ/2

π − θ

Figure 3.1: Basic layout of a 3-magnet chicane. The circles represent beam position
monitors (BPMs).

The aim of the chicane is to measure the deflection angle θ of the beam passing
through the spectrometer, see Fig 3.1. To deduce θ, the transverse position of the
beam is measured before and after the spectrometer magnet by means of beam position
monitors (BPMs). In section 3.4 the working principle of the BPMs is briefly described.
Another option for a magnetic chicane consists of four magnets as shown in Fig. 3.2.

In such a scheme, all magnets are identical, but Magnet1 and Magnet4 have an opposite
field with respect to that of Magnet2 and Magnet3, allowing the energy to be measured
as a function of the induced displacement d in the mid-chicane

Eb ∝
Lm
d

∫
Bdl , (3.1)

where
∫
Bdl is the B-field integral of any magnet and Lm the distance between the first

and second magnet.
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Figure 3.2: Basic layout for a 4-magnet chicane. The circles represent beam position
monitors (BPMs).

To determine the displacement d it is necessary to measure two positions of the beam,
namely the position of the deflected beam in between Magnet2 and Magnet3 and that
of the beam for zero-field, or the position of the extrapolated beam trajectory at the
same Z-value (dashed line in Fig. 3.2).
At a circular machine such as LEP, beam position measurements could be performed

many times, contrary to the ILC. Hence, at the linear collider the performance of the
spectrometer, in particular that of the BPMs, has to be substantially higher. For this
reason, resonant cavities were found to be best suitable, because they provide excellent
position resolution together with good stability. At the ILC, high resolution BPMs
are necessary throughout the main linac and the beam delivery system (BDS). In the
linac, the beam position has to be measured with a resolution of about 1 µm for orbit
corrections and emittance preservation. In the BDS, dedicated cavity BPMs are required
to bring the beams in collision and to ensure high luminosity. Current test facilities and
modern linac based sources demand high resolution BPMs. For example, the ATF2
[38] facility at KEK is designed to test the final focus optics of the ILC. Here, cavity
BPM position resolutions of 100 nm (or better) with good stability are needed and were
partially achieved in the past [39].
A resonant cavity BPM measures the beam offset with respect to the cavity center as

well the tilt of the particles traversing the cavity. To minimize the contribution from the
tilt, present beam energy spectrometer designs for the ILC propose a 4-magnet chicane
of a total length of ∼50 m and an offset of ∼5 mm in the mid-chicane. A BPM resolution
of at least 500 nm is demanded in order to achieve a relative beam energy measurement
error of 10−4 or better. Moreover, a similar BPM stability over hours is mandatory to
avoid extensive recalibration and consequently luminosity loss.
A prototype of such a spectrometer was proposed in 2004 and realized during 2006-

2007 in End Station A (ESA) at the Stanford Linear Accelerator (SLAC). The basic
goal of this device was to study the performance and stability of the key components,
namely of the BPMs and bending magnets (experiment T474/T491, see the proposal in
Ref. [10]).
This chapter involves the following sections. In Sect. 3.2 an overview of the SLAC linac

and End Station A (ESA) is presented. Then, the layout of the experiment T474/T491
with its main components is described and the goals of the experiment are discussed in
some details (Sect. 3.3). Section 3.4 summarizes main properties of cavity BPMs, while
a detailed description of these devices is beyond the scope of this thesis.
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3.2 SLAC Linac and End Station A
3.2.1 SLAC Linac
A basic scheme of the SLAC linac and the beam transport line as used for our experiment
is shown in Fig. 3.3. The high intense beam is produced by a thermionic gun, bunched
and pre-accelerated to 1.19 GeV in the first section of the linac and then transport to the
North Damping Ring (DR), where it is stored for 8 ms to reduce the beam emittance.
Afterward, the beam is transported back to the main linac and subsequently accelerated
to 28.5 GeV. At the end of the linac, the beam is bent by 24.5◦ into the A-line on its
way to End Station A (ESA), through the Beam Switch Yard (BSY).

Figure 3.3: Basic layout of the SLAC linear accelerator complex.

3.2.2 End Station A
End Station A is a facility located at the end of the linac, where a single bunch beam with
10 Hz can be delivered to the experiment T474/491 parasitically to PEP-II operation.
The main beam parameters of ESA are shown in Table 3.1, where they are also compared
with the design parameters for the ILC.

Parameters ESA ILC (
√
s = 500)

Repetition rate 10 Hz 5 Hz
Beam energy 28.5 GeV 250 GeV
Train length up to 400 ns 1 ms
Bunch spacing 20÷ 400 ns 337 ns
Bunch per train 1 or 2 2820
Bunch charge 1.6 · 1010 2 · 1010

Bunch length 500 µm 300 µm
Energy spread 0.15% 0.1%

Table 3.1: Beam parameters at ESA and the values proposed for the ILC (see Sect. 1.1).

In 2006/2007, ESA was the highest energy test facility available with beam param-
eters similar to those of the ILC. This facility was used to prototype and test major
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Figure 3.4: Beam line configuration for the A-line up the start of the ESA experimental
hall. The beam goes from the left to right, top to bottom

components of the Beam Delivery System (BDS) and the Interaction Region (IR) of the
ILC, see [11].

3.2.2.1 The A-Line

The beam from the end of the linac (Beam Switch Yard, BSY) is driven to ESA through
the A-line. A schematic representation of the line including its main components is given
in Fig. 3.4. After an initial bend of 0.5◦ in the BSY, a string of 12 dipoles deflects the
beam further by 24◦.
Three BPMs are used along the bending part in order to monitor the beam position

and to provide an energy feedback. In fact, due to the presence of the dipoles, any energy
variation is directly reflected into position variation and, as shown later, two of these
BPMs (labeled 12 and 24) are used to determine the relative beam energy resolution of
the prototype chicane in ESA (see Chapter 5). Other BPMs (31 and 32) are located
at the end of the A-line to provide some feedback and corrections, together with two
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(a) ESA beam line configuration in 2006; no magnets were present.

(b) Basic layout of the 4-magnet chicane with the magnets 3B1, 3B2, 3B3 and 3B4 in February 2007.

Figure 3.5

couples of dipoles (A28/A29 and A32/A33).
Upstream of ESA, a couple of Helmholtz coils exist for further beam corrections.

Further A-line diagnostics includes charge-sensitive toroids, a synchrotron light monitor,
retractable profile screens and high frequency diodes.

3.2.2.2 ESA Beam Line

The configuration of the ESA beam line together with beam diagnostics and experi-
mental equipment is shown in Fig. 3.5. Two protection collimators are located in ESA:
C1 (with 19 mm aperture radius) at the entrance in front of BPM 1 and C2 (with 8
mm aperture radius) located in front of BPM 3. There are two beam profile monitors,
one (PR2) upstream of the Collimator Wakefield Experiment and another (PR4, not
seen) just beyond the East Wall of ESA. Two wire scanners WS1 and WS2 are placed
20 m apart and used for transverse beam size and emittance measurements. Several
beam loss monitors are located along the beam line and interlocked to the machine and
radiation protection system.
In ESA the beam is purely ballistic and no optics elements or feedback systems are

present.
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Figure 3.6: Left: A schematic representation of the laser path in the interferometer
relative to BPMs 3-5. Right: The interferometer mounted on the optical
table and the BPM triplet 3-5.

3.3 Experiment T474/491

During the two-years period 2006/2007 the test experiment T474/491 was installed in
ESA in order to study the performance and reliability of a prototype 4-magnet chicane.
The prototype was composed of four bending magnets, several BPM stations and an
interferometer to control the relative transverse positions of the BPMs.
During 2006, the experiment took data in two runs of two weeks duration each, in

April and July, sharing the beam with other experiments (see [12]). The setup involved
eight BPMs mounted on three BPM stations. The first station is composed of the BPMs
labeled 1 and 2, the second of the BPMs 3, 4 and 5 and the last one of the BPMs 9, 10
and 11. BPMs installed on a given station are of the same type. The monitors of the first
and third station are rectangular cavity BPMs, and each cavity was actually composed
of three independent cavities: one for X-position reading, one for Y-position reading, i.e.
for transverse position monitoring of the beam, and a reference cavity (see Sect. 3.4).
BPMs 1 and 2 were built for the A-line, whereas BPMs 9-11 were initially designed
for the main SLAC linac. BPM 3-5 are cylindrical cavities designed for the cryogenic
region of the main linac of the ILC. For each of these BPMs, a single cavity provides
X- and Y-position measurements. The central monitor BPM 4 is mounted on a mover
system with a maximum travel range of 6 mm, due to radiation and machine protection
reasons. A three single-pass linear interferometer system provides information of the
relative motion along the X-axis, i.e. of the horizontal displacement of the BPM with
respect to the interferometer heads as shown in Fig. 3.6.
For the two runs in 2006, no magnets were installed and the main objective of the

experiment was to study the performance of BPMs 3-5, in particular their resolution
and stability. The results obtained are published in [40].
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In an extension of the experiment T474 in 2007 (experiment T491) four bending
magnets, labeled 3B1-4, were installed, see Fig. 3.5b. BPM 4 and its mover system
were placed in the mid-chicane together with a new BPM, labeled BPM 7, which was
also mounted on the mover system. This BPM is a cavity BPM similar to BPMs 3-
5, designed and fabricated by the University College London (UCL). As for T474, an
interferometer system was able to measure the relative position of BPM 4 and BPM 7
in the mid-chicane with respect to BPM 3 and 5, located upstream of the spectrometer.
To study monitor systematics and eventually to infer the absolute beam energy, the
magnetic chicane was supposed to run with both B-field polarities. For that, the task
of the mover system was essential. As explained in the next section, the linearity of the
monitor response drops if the beam passes away (>1 ÷ 2 mm) from the BPM center.
Therefore, it is mandatory to position the center of the BPM close to the beam line
which is enabled by the mover system.

3.4 Resonant Cavity Beam Position Monitor
A detailed discussion of resonant cavity monitors is beyond the scope of this thesis, but
since the BPMs represent an essential part of the energy spectrometer, they will be
shortly discussed. Also, since an analysis of the relative resolution of the spectrometer
will be presented in Chapter 5, a basic knowledge of these devices is necessary in order
to understand the final results. So, in this section an introduction of the basic principles
of cavity BPMs is given, together with some general informations on signal processing
and calibration procedures.

3.4.1 Resonant Cavity and Beam Coupling
A charged particle traveling within a beam pipe induces a mirror charge in the pipe
itself. For a perfect conducting pipe, this charge is traveling together with the beam
without loss of energy.
A resonant cavity represents a discontinuity along the beam pipe where stationary

waves are induced by the passage of a charged particle. In this case, some energy is
stored which oscillates between pure electric and magnetic energy. The total stored
energy, Ws, is given as Ws =< We > + < Wm >= 2 < We >, where < We >
and < Wm > are the mean electric and magnetic energy, respectively, averaged over
one period. Thus, a cavity can be schematically represented by an LC circuit with a
frequency ω = 1/

√
(LC) [41]. In other words, a particle passing a discontinuity induces

an infinite number of stationary waves n, each of them can be represented by an LC
circuit with its own frequency ωn.
Considering the electric and magnet fields within a cylindrical cavity, we are interested

on the fields with pure transverse magnetic oscillations, i.e. on magnetic fields with no
longitudinal component (Hz = 0). Such fields are denoted as TM modes. They are
defined by the geometry of the cavity (length and radius) and by three integer numbers
m, n and p. It is common to identify a mode with the notation TMmnp and its frequency
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is given by

ωmnp = 1
√
µ0ε0

√(
jmn
R

)2
+
(
pπ

l

)2
, (3.2)

where R is the radius of the cavity, l its length and jmn the n-th zero of the m-th Bessel
function. For particles near the center of the cavity, the TM010 or monopole mode has
the strongest excitation. The explicit expressions for the fields of this mode are [39]

Ez,010 = C010J0

(
j01r

R

)
eiω010t (3.3)

Hr,010 = 0 (3.4)

Hφ,010 = −iC010
ω010ε0R

j01
J ′0

(
j01r

R

)
eiω010t . (3.5)

The electric field Ez,010 has a weak symmetric dependence on the distance r from the
center. On the other hand, the mode TM110 or dipole mode is antisymmetric and its
amplitude has a strong dependence on r. The explicit expressions for the dipole fields
are [39]

Ez,110 = C110J1

(
j11r

R

)
cosφeiω010t (3.6)

Hr,110 = −iC110
ω110ε0R

2

j2
11r

J1

(
j11r

R

)
sinφeiω010t (3.7)

Hφ,110 = −iC110
ω110ε0R

j11
J ′1

(
j11r

R

)
cosφeiω010t . (3.8)

A schematic representation of both modes TM010 and TM110 is shown in Fig. 3.7.
As mentioned above, a charged particle traveling through a cavity interacts with the

modes and releases some energy. To understand the coupling between the particle and
the modes we use the so-called fundamental theorem of the beam loading: the voltage
induced by a charge traveling through a cavity is twice the effective voltage "seen" by

Figure 3.7: Left: Transverse view of the fields of the TM010 mode. Right: Transverse
view of the fields of the TM110 mode. Here, the electric field has a strong
dependence on the beam offset from the center of the BPM.
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the charge itself [42, 43]. Hence, the energy stored in the cavity by the dipole mode can
be calculated as the volume integral of the modulus square of the electric field

W110 = 1
2ε0

∫
V
|Ez,110|2dV = π

4 ε0C
2
110J

2
0 (j11)R2l . (3.9)

On the other hand, according to the fundamental theorem of the beam loading, the
variation of the energy stored in the cavity ∆W110 can be written as

∆W110 = q · V = q

2

∫ +∞

−∞
Ez,110~vdt =

= q

2

∫ l/2

−l/2
C110J1

(
j11δx

R

)
eik110zdz =

= q

2C110J1

(
j11δx

R

)
Tr110l (3.10)

for a charge q traveling parallel to the cavity axis with an offset δx, φ = 0 and velocity
~v close to the light speed. Here, the integral is calculated along the path of the particle,
q its charge, k110 the wave-number and Tr110 the transit time factor

Tr110 =

(∫ l/2
−l/2Ez · eikzdz

)
(∫ l/2
−l/2Ezdz

) = sin k110l/2
k110l/2

. (3.11)

It is important to note that the phase of the particle with respect to the field induced
by the particle itself is chosen such that the field maximally opposes the motion of the
particle [43].
Considering the cavity initially empty, Eq. (3.10) is equal to the energy stored (3.9)

and approximating the Bessel function J1(x), for small arguments, by x/2, the amplitude
C110 can be written as

C110 =
2qTr110J1

(
j11δx
R

)
πε0J2

0 (j11)R2 ≈

≈ qTr110j11δx

πε0J2
0 (j11)R3 (3.12)

and, in a similar way, C010 of the monopole mode

C010 ≈
qTr010

πε0J2
1 (j01)R2 . (3.13)

Both modes depend linearly on the particle charge q. However, only the dipole mode
has a linear dependence on the beam offset. It can be easily shown that two beams with
the same δx but opposite in X (∆φ = π) induce the same voltage with opposite phase.
A schematic representation of this behavior is given in Fig. 3.8.
In general, the motion of a particle is not exactly parallel to the Z-axis of the cavity
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Figure 3.8: Schematic representation of the induced dipole mode in a cylindrical cavity.
A beam with small offset (dashed line) induces a smaller signal than a beam
with bigger offset (continuous line). Beams with the same offset but opposite
in X induce the same signal but with opposite phases (continuous and dotted
lines).

but has an inclination or slope x′. In the linear regime of small offsets, any trajectory
can be represented as a sum of a trajectory with only an offset and a trajectory with only
an inclination (see Fig. 3.9), and for the voltage seen by a particle with pure inclination
and no offset we have

∆W110,x′ = q

2

∫ l/2

−l/2
C110J1

(
j11z tan x′

R

)
eik110zdz

≈ i
q

2C110
j11x

′

k2
110R

(
sin k110l

2 − k110l

2 cos k110l

2

)
. (3.14)

Thus, the signal is proportional to x′. Comparing this results with Eq. (3.9), the ampli-
tude

C110 ≈ i
2qj11x

′

πε0J2
0 (j11)k2

110R
3l

(
sin k110l

2 − k110l

2 cos k110l

2

)
(3.15)

reveals that a phase of 90◦ exists between the field induced by a particle with only an
offset and the field induced by a particle with only an inclination. In the next section
it will be shown how the two signals can be disentangled.
So far, only cavities with perfect conducting walls were considered. In practice, how-

ever, some dissipation of energy in the wall will happen so that the cavity behaves like
a RLC circuit with a decay constant τ . For this reason, as a Fourier analysis shows, a
broad spectrum of frequencies for each mode occurs. In particular, the monopole mode
substantially overlaps the dipole mode as indicated in Fig. 3.10(left).
To extract the relevant dipole signal from the cavity, a mode selection is necessary.
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Figure 3.9: A generic trajectory through a cavity interpreted as a superposition of a
trajectory with pure offset and a trajectory with pure inclination.

Figure 3.10: Left: Amplitude vs. frequency of the first two monopole modes and the first
dipole mode of a cylindrical cavity with non-zero resistivity. The monopoles
TM010 and TM020 surround and overlap the dipole mode TM110 [44]. Right:
The dipole mode is selectively coupled out by means of a narrow radial slot
on one face of the cavity [39].

The mode selection is based on the fact that the boundary conditions for the dipole and
monopole modes are different on the wall of the cavity. The dipole mode generates a field
transverse to the Z-axis which might have a strong coupling to an opportune modeled
waveguide. Thus, it is expected that inside the waveguide the dipole mode is dominant
[39, 44] and its amplitude is proportional to the beam offset (see Fig. 3.10(right)).
Finally, a generic dipole mode can be interpreted as a superposition of two orthogonal

polarizations of the mode itself. Hence, one cavity can provide X- as well as Y-position
readings at the same time (see Fig. 3.11).
Figure 3.12 (left) shows a photograph of a cylindrical cavity BPM. It is BPM 7

installed in the mid-chicane of the experiment T474/491. The cavity, as can be seen,
is connected with four waveguides, two in vertical direction to extract the X-position
signal and two in horizontal direction for the Y-position signal.
Similar conclusions can be drawn for rectangular cavities. An example of such a

cavity, BPM 9 is shown in Fig. 3.12 (right). The main difference to the cylindrical
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Figure 3.11: A generic dipole mode can be represented as a superposition of two orthog-
onal polarizations of the mode.

Figure 3.12: Left: Cylindrical cavity BPM as designed by UCL. Right: BPM 9 in End
Station A. The two rectangular cavities for X- and Y-position reading and
the cylindrical reference cavity are clearly seen.

cavity is that X- and Y-position reading is performed by two distinct cavities, the two
rectangular cavities in the picture.

3.4.2 Signal Processing

It is common to express the output voltage of the dipole mode as a function of the shunt
impedance and quality factor. The shunt impedance is defined as

R110 = V110

P110, loss
, (3.16)

where P110,loss is the power dissipated in the cavity walls. The internal quality factor is
defined as

Qint
110 = w110W110

P110, loss
. (3.17)



3.4 Resonant Cavity Beam Position Monitor 39

Thus the energy stored in the cavity can be written as

W110 = ω110

4

(
R

Q

)
110
q2 , (3.18)

where
(
R
Q

)
110

is the normalized shunt impedance. This quantity is independent on the
material of the cavity and depends only on its geometry. Moreover, it has a finite value
also when the cavity has a wall with zero resistivity (which corresponds to an infinite
value of the internal quality factor).
According to Eqs. (3.9) and (3.12), we have

(
R
Q

)
110
∝ (δx)2. Defining the external

quality factor as

Qext
110 = w110W110

P110, out
, (3.19)

the dipole output power is then given by

P110, out = ω110

4Qext
110

(
R

Q

)
110
q2 . (3.20)

Finally, the readout electronics with impedance Z provides an output voltage of

Vout =
√
ZP110, out = qω110

2

√√√√ Z

Qext
110

(
R

Q

)
110

. (3.21)

As can be seen, this voltage has a linear dependence on the charge and the offset of
the particle, denoted as x in the following. In order to measure a signal which is only
proportional to the offset, normalization to the charge is needed. For this reason the
monopole signal is simultaneously extracted from a reference cavity, which is tuned such
that its monopole mode has the same frequency as the dipole mode of the beam position
cavity, i.e. ωref010 = ωBPM110 . Moreover, the reference cavity provides the arrival time of
the beam, allowing to determine the phase of the signal.
The voltage signal at the front-end of the analogue electronics has thus the form

V (t) = e−Γt[Axx sinωt+ Ax′x
′ cosωt]

= ae−Γt sin (ωt+ φ) , (3.22)

where a =
√

(Axx)2 + (Ax′x′)2 and φ = arctan (Ax′x′/Axx), with amplitudes Ax and
Ax′ ∝ q. In a similar way the reference cavity provides

V (t) = arefe
−Γt sin (ωt+ φref ) , (3.23)

where aref ∝ q.
After filtering and digitization, both signals are multiplied by a complex local oscillator

(LO) of the same frequency as the signal. This process, called digital down-conversion
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Figure 3.13: I-Q plot with an IQ-phase Θ. Changing the position of the beam, the point
P moves along the continuous line and changes sign when it crosses the cav-
ity center. Changing the tilt, P moves along the dashed line, perpendicular
to the continuous line.

(DDC), results in a signal which describes the envelope of the initial waveform

VDDC(t) = ae−Γt sin (ωt+ φ) · eiωt

= a

2e
−Γt

[
−ei(φ+π

2 ) + ei(2ωt+φ+π
2 )
]
. (3.24)

The mixing process also generates an unwanted wave with a frequency 2ω, which has
to be eliminated by an additional filter. Customarily, the quantities I and Q denote the
real, respectively, imaginary part of the normalized down-converted signal

I = a

aref
cos(φ− φref ) (3.25)

Q = a

aref
sin(φ− φref ) . (3.26)

An example of an I-Q plot is shown in Fig. 3.13 for a beam particle with a generic
offset and tilt generated at the point P. If the tilt (or slope) is kept constant while the
position is changed, P moves along the continuous line, which has, in general, a non-
zero slope Θ (IQ-phase). When the beam crosses the center of the BPM, P changes sign
(point P’). If on the other hand, the beam position is kept unaltered while the beam
tilt is changed, the point P moves along the dashed line to point P”, perpendicular to
the continuous line.

To extract position and tilt of the particle, the IQ-phase Θ and the scale factors S and
S’ have to be determined by an appropriate calibration procedure. Finally, the position
and tilt are obtained after rotation of the plane by angle Θ and multiplication with the
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scale factors:

x = S ·Re
[
a

aref
ei(φ−φref−Θ)

]
(3.27)

x′ = S ′ · Im
[
a

aref
ei(φ−φref−Θ)

]
. (3.28)

In the experiment T474/T491, calibration was performed by generating a well-known
beam offset using the corrector magnets or the Helmholtz coils of the A-line (see
Sect. 3.2.2.1 and [40]). For BPMs 4 and 7, also the mover systems have been utilized
for calibration purposes. In ESA, only the offset and not the tilt could be calibrated.





4 Characterization of the Magnets

4.1 General Considerations

The 4-magnet chicane in ESA is composed of two major parts, the beam position moni-
tors to measure the transverse position of the beam and the dipole magnets. Knowledge
of the B-field integral (

∫
Bdl) is indispensable quantity to determine the energy of the

beam. Therefore, it is important to determine and monitor the fields with best precision
as possible during the runs. The relative accuracy needed for

∫
Bdl was estimated to be

approximately 50 ppm.
For the T-474/491 experiment, old SPEAR magnets labeled as 10D37 were slightly

refurbished and put into the beam line. But before installation, detailed measurements
were performed at the SLAC laboratory between December 2006 and February 2007 to
study stability and reproducibility of the magnets as well as to monitor the

∫
Bdl over

long time [45, 46].
In this chapter field measurement techniques as well as instruments for B-field and

B-field integral determinations together with the results obtained are presented. The
chapter is organized as follows. Section 4.2 summarizes main parameters of the SPEAR
magnets. In Sect. 4.3 an overview of the measurement techniques is given including a
description of the setup in the laboratory and the types of measurements performed.
Section 4.4 presents the results of the measurements, while Sect. 4.5 discusses the error
on B-field integral determinations in details. After a summary of the measurements
(Sect. 4.6), some suggestions are given in Sect. 4.7 how to improve the results obtained.
Finally, Sect. 4.8 describes the implementation of the magnets in ESA.

4.2 The Magnets 10D37

The magnets were built in 1971 to deliver the beam to the SPEAR ring. They have a
length of 94 cm and a weight of about 1100 kg, see Fig. 4.1. A maximum field of about
1 T can be reached. The magnets are solid steel H-type warm magnets with a small
but not well defined fraction of carbon, estimated to be less than 0.13%. They were
properly stored at SLAC for more than 10 years, so that only routine cleaning but no
special refurbishing was needed for our experiment. The magnets are symmetric with
respect to the longitudinal and transverse planes but two slightly different mirror plates
were added to contain fringe fields. The magnets are labeled 3B1, 3B2, 3B3 and 3B4
according to their positions within the beam line.
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Figure 4.1: Left: Magnets 10D37 in the laboratory with mirror plates. Right: A sketch
of magnet 10D37 without mirror plates.

4.3 B-field Measurements and Techniques
The quantities measured in the laboratory were the vertical component of the B-field
inside and outside of the gap of the magnets, the B-field integral (

∫
Bdl) and the magnet

current.
The magnetic chicane was planned to operate with both polarities in order to perform

absolute energy measurements and to study possible spectrometer systematics. There-
fore, it is important to understand the stability of the field, the

∫
Bdl and the magnet

current over long time scales (of hours or days), especially after switching the polarity.
Also, correct standardization is important since otherwise, for example,

∫
Bdl monitoring

can be disturbed, as discussed later.
The mapping of the B-field along the beam direction using one or more probes

mounted on a moving arm was also worthwhile for comparison of the data with presimu-
lations [47] and, in turn, to use the measurements as an input for improved simulations.
However, the most important point is to monitor

∫
Bdl for which a procedure was

developed to deliver this quantity during data taking runs in ESA. We decided to perform∫
Bdl monitoring using NMR probes, since no other adequate device was available to

measure directly the B-field integral.
An NMR probe measures the field in a particular point and not

∫
Bdl. We rely on the

basic assumption that when the B-field changes by some amount in a fixed point within
the magnet, every field point changes by the same amount. In other words, we assume
that the point related B-field is proportional to

∫
Bdl. The choice of this point will be

discussed later (see Sect. 4.3.2) and by means of a procedure described in Sect. 4.4.6 the
coefficient of this proportionality is evaluated so that finally the field integral,

∫
Bdl, is

accessible.

4.3.1 Instruments
In general, to perform B-field and

∫
Bdl measurements the following devices are com-

monly utilized:

• NMR probe, for absolute B-field measurements.
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• Hall probe, for relative B-field measurements.

• Flux gate, for absolute low B-field measurements.

• Moving wire, for absolute
∫
Bdl measurements.

• Flip coil, for relative
∫
Bdl measurements.

4.3.1.1 NMR Probe

NMR probes are usually composed of a sample of water wrapped around with a coil.
When an external magnetic field is applied, the spins of the protons are aligned to the
direction of the field and precess with a frequency of νL = γ|B|/(2π), known as the
Larmor frequency. γ is the gyromagnetic ratio and B the external field. Under such
conditions, the proton can have two energy levels, one with spin orientation parallel
and one anti-parallel to the field with energy separation proportional to the Larmor fre-
quency. If a weak, perpendicular oscillating B-field is applied by a coil with a frequency
equal to the Larmor frequency, transitions from spin-parallel states (lowest energy) to
those with spin anti-parallel (highest energy) can be observed. The value of νL can be
measured very precisely from which the B-field can be calculated. Advantages of this de-
vice are high precision, absolute and non-axial field measurements, while disadvantages
concern the need of uniform fields (the gradient must be smaller than 6 · 10−7 T/m ), a
limited working range, non-applicability for wrong field orientation and no information
on the sign of the field [48, 49].

4.3.1.2 Hall Probe

Considering a conductor with a current passing through it and a B-field applied per-
pendicular to the current vector ~J , according to the Lorentz force an accumulation of
negative charge (which corresponds to an opposite accumulation of positive charge) is ob-
served in the plane where ~J lies. The equilibrium is reached when the electrostatic force
between the accumulated negative and positive charges is equal to the Lorentz force.
For this case, the electrostatic force is proportional to the external B-field and is mea-
sured. Advantages of this device are a large working range, insensitivity to non-uniform
or time dependent B-fields and information on the field direction. Disadvantages are
the need of calibration, reduced precision and only the field component perpendicular
to ~J is measured.

4.3.1.3 Flux Gate

The flux gate is a device suitable to measure low fields. Several flux gate configurations
exist, but all of them are based on the following principle (see Fig. 4.2): two ferromag-
netic bars are wrapped by a common coil in opposite direction where an AC current
passes through. In cases of no external field, the field induced in one bar compensates
exactly the other one in the second bar, resulting in a total null-flux in a second coil
which wrapped both bars. If, however, an external constant field parallel to the bars
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is present, a time dependent flux is generated which induces a voltage in the second
coil. Advantages of the flux gate are high precision for low fields and absolute field
measurements. Possible disadvantages are the dependence on the field orientation and
its non-applicability to fields above 4 Gauss.

Figure 4.2: A simple scheme of a flux gate device.

4.3.1.4 Moving Wire Technique

A ribbon of wires is passed through the gap of the magnet and closed outside to form a
circuit. The wires are secured at the end of each side of the magnet at holders mounted
on a mover stage. Moving the wires along the transverse direction X, a voltage is induced
and integrating this voltage the B-field integral

∫
Bdl can be deduced from the Eq. (4.1)∫

Bdl =
∫
V dt

N∆x , (4.1)

where V is the voltage, N the number of turns of the wire and ∆x the distance traveled by
the mover stage. The advantage of this device consists in an absolute

∫
Bdl measurement

and disadvantages are the slow rate, possible instability of the mover stage over long
time periods and misalignment errors [33].

4.3.1.5 Flip Coil Technique

The scheme of the flip coil technique is shown in Fig. 4.3. A coil is inserted in the gap
of the magnet perpendicular to the dipole field. If the coil is rotated over 180 degrees,
a voltage is induced and if this voltage is integrated in time (like for the moving wire),
the B-field integral

∫
Bdl can be inferred from∫

Bdl =
∫
V dt

2dN , (4.2)

where V is the voltage induced, N number of the wire turns and d the effective diameter
of the coil. Advantages of this instrument are high rate measurements resulting in a
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Figure 4.3: A simple scheme of the flip coil technique.

smaller statistical error and high stability. Disadvantages may be the need of calibration
and errors due to misalignment [33].

4.3.2 Experimental Setup
The measurements of the 10D37 magnets were performed in the magnet laboratory
at SLAC using an aluminum test bench table (Fig 4.4). For all four magnets, different
measurement procedures as described below were applied, which result in different types
of data discussed at the end of this section.
The system of reference for the measurements was defined as follows. The point

X=Y=Z=0 corresponds to the geometrical center of the magnet. The Z-axis points
along the longitudinal axis of the magnet, the X-axis to the horizontal direction and the
Y-axis is chosen such that a right-handed system is obtained, see also [47] and Fig. 4.1
(right).
Before each measurement, the magnets were standardized to stabilize the field by

three ramping cycles. The current was ramped up and down between -200 and +200
A, which corresponds to the maximum possible values provided by the power supply in
ESA.
In a first step, an additional magnet with high field homogeneity was used to calibrate

the Hall to the NMR probe, whereas the flip coil was calibrated to the moving wire device
using one of the 10D37 magnets.
To measure

∫
Bdl with the moving wire technique, the wire was moved in X-direction

by 1 cm, covering the center of the magnet. The 1 cm driving distance corresponds
roughly to the rod diameter of the flip coil.
Five measurements with the moving wire have been done and averaged, while for

the flip coil the average was obtained from 32 measurements, rotating the coil 8 times
clockwise and 8 times counter-clockwise. For the analysis presented in Sect. 4.4, the
average values measured from the moving wire and flip coil techniques were taken into
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account and denoted as "single measurement". A measurement with the flip coil or
moving wire took about 1 ÷ 2 min, while probe measurements were much faster. The
NMR probe, for example, can sample every 1 ÷ 2 sec. For comparison of flip coil with
probe data, the probe values were also averaged over the corresponding time period of
a flip coil/moving wire measurement.

Figure 4.4: One of the 10D37 magnets on the test bench table during a B-field map.
The beam pipe and one of the mirror plates mounted on one side of the
magnet are also visible.

For stability and reproducibility data taking periods, a short beam pipe and mirror
plates were mounted on the magnets in order to achieve conditions as in ESA. The NMR
probe was fixed close to the pipe through an appropriate holder at a position where the
field gradient, obtained from simulation, was smaller than 6 ·10−7 T/m. The Hall probe
was placed directly above the pole face and the flux gate was fixed on the beam pipe
outside the magnet. For low field measurements, such as the residual field inside the
magnet, only the Hall probe and the flux gate were used and both were placed inside
the magnet.
For field mapping, the NMR and Hall probes and the flux gate were mounted at

the end of a mover arm system. Using a stepper motor, it was possible to move them
precisely along X-, Y- and Z-directions.
Before performing Hall probe measurements, the probe was zeroed by inserting it into

a µ-metal pipe, where a very low field of 0.065 Gauss was present.
Stability and reproducibility runs as well as field maps were performed at 200 and

150 A, corresponding to field values of 0.15 and 0.11 T, respectively.
In summary, the following types of measurements were performed:

• Stability runs: the magnet 3B4 was powered with a fixed current over a long
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period, typically over 6÷24 hours. We measured
∫
Bdl using the flip coil technique

and, independently, NMR and Hall probes for the B-field of a particular point
inside the magnet.

• Reproducibility runs: the magnets were operated by flipping the polarity period-
ically so that the reproducibility could be studied by monitoring

∫
Bdl. This is

very similar to the way to operate the magnets in ESA. These measurements were
performed for magnets 3B1, 3B2 and 3B4.

• Current scan: B-field and integrated B-field measurements were performed by
ramping the current in fixed steps over a large or small current range. It was thus
possible to study the dependence of the B-field integral versus the current or NMR
probe measurements, for example. These runs were performed for magnets 3B1,
3B2 and 3B3, while for magnet 3B4 only a large range current scan was carried
out.

• Field maps along X- and Z-directions at zero-current and working currents were
performed. The Z-mapping at the working current was done for all magnets, while
X-mapping and mapping at zero-current were only performed for magnets 3B1 and
3B4.

4.4 Results of B-field Measurements

4.4.1 Field Mapping
4.4.1.1 Field Mapping in X-Direction (X-Scan)

Figure 4.5 shows the results of the field mapping in X-direction at Y=Z=0, i.e. in the
center of the magnets 3B1 (left) and 3B4 (right) using Hall and NMR probes, while in
Fig. 4.6 the simulation results [47] are displayed for X> 0 only, since it was assumed
that the B-field is symmetric with respect to X=0. Comparing the two figures within
the appropriate X-range, we conclude that simulation and measurements agree rather
well.
As can be noticed from Fig. 4.5, the minimum value of the field, the magnetic center,

is not positioned at the geometric center of the magnet but shifted by -7 mm. The
measured values of the shift for magnets 3B1 and 3B4 are summarized in Tab. 4.1.

Magnet Hall Probe (mm) NMR Probe (mm)
3B1 −7± 2 −8± 2
3B4 −6± 2 −7± 2

Table 4.1: Measured shifts of the magnetic center along X at Y=Z=0.
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Figure 4.5: B-field measurements from X-scans with NMR and Hall probes at Z=0 for
magnets 3B1 and 3B4. The continuous curves are the results of a fit with a
parabola.

Figure 4.6: B-field simulation versus X at Z=0. B0 is the value of the B-field for Z=X=0.
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4.4.1.2 Field Mapping in Z-Direction (Z-Scan)

The behavior of a magnetic field in Z-direction is usually represented as a step function,
which is, strictly speaking, not true since outside the magnet the B-field approaches
smoothly to zero. This fraction of the field is called fringe field.
In a first step, we are interested to understand the impact of the mirror plates on the

shape of the most important fringe field component By. Some basic arguments suggest
that the fringe field can introduce some non-linearity between the B-field in a particular
point within the magnet and the B-field integral (see Sect. 4.4.1.3).
For magnet 3B1, several Z-scans near both ends of the magnet were performed, with

and without mirror plates and with and without the beam pipe. Figure 4.7 shows the
results on one side of magnet 3B1, with and without the mirror plates. It is obvious
that the mirror plates have a strong impact to reduce substantially the fringe field.

Figure 4.7: Z-scans of the fringe field of magnet 3B1 with (continuous) and without
(dotted) mirror plates. The abscissa represents the Z-coordinate.

A comparison of the Z-scan with simulations is displayed in Figs. 4.8 and 4.9 for
magnet 3B1. The Z-scan was performed at both ends of the magnet (Run3 and Run5),
with the beam pipe and the mirror plates installed. Only Fig. 4.9, after zooming the
fringe field region, clearly reveals differences between simulations and measurements.
The maximum difference amounts to approximately 0.7 mT, which was considered by the
collaboration as acceptable taking into account the assumption made in the simulation.
Furthermore, due to a slight asymmetry of the mirror plates, small differences are present
between the fringe fields on each side of the magnet.

4.4.1.3 Z-Scan for Zero-Current Fields

Using the flux gate and Hall probe, a Z-scan at zero-current was performed in order
to measure the residual magnetization of the magnet and the stray field. The latter
one is supposed to be a superposition of the earth field and any B-field produced by
surrounding cables and electronic equipment.
As shown in Figs. 4.10 and 4.11, the residual field for magnets 3B3 and 3B4 is about

0.4 mT. One notices from Fig. 4.10 that the data at Z-values near 45 and 60 cm are
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Figure 4.8: Comparison of Z-scan data with simulations for both end sides of magnet
3B1. In the figure, Hall probe measurements of the vertical B-field compo-
nent are plotted as function of the distance Z from the magnet center.

Figure 4.9: A zoom of Fig. 4.8 in the fringe field region reveals some differences between
the scan data and simulations. Run3 corresponds to the upstream end scan,
while Run5 to the downstream scan.
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Figure 4.10: Left: Z-scan at zero-current for magnet 3B4. Right: A zoom of the tail
where the stray field is dominant.

Figure 4.11: left: Z-scan at zero-current for magnet 3B3. Right: A zoom of the tail
where the stray field is dominant.

outside the working range of the flux gate device of some 4 Gauss. The right-hand side
of Figs. 4.10 and 4.11 shows a zoom of the tail of the field for Z-values larger than 90
cm. Here it is supposed that the residual B-field from magnet is negligible and the stray
field is dominant. The points shown in Fig. 4.10 are measurements performed with both
the flux gate and the Hall probe, while only Hall probe measurements are shown in
Fig. 4.11. As can be seen, the stray field amounts to 0.012 ÷ 0.017 mT, in agreement
with independent measurements presented in [50].
We also note that in Fig. 4.11 the sign of the field measured is opposite to that in

Fig. 4.10. This is due to an error which appeared after data taking: the flux gate and
Hall probe were installed with wrong orientations and no attention was paid to correct
for this. Such a situation happened also for other measurements. For example, in a
reproducibility run of magnet 3B4 the signs of the flip coil, Hall probe and flux gate
measurements coincide, while for magnet 3B1 the flip coil measurement has an opposite
sign compared to Hall probe and flux gate data. For this reason only absolute values of
B-field and B-field integral measurements will be considered for the data analysis, since
it is too difficult to correct for it.
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It is interesting to see that the shape of the fields in Figs. 4.11 and 4.10 is different
to the fields in Figs. 4.8 and 4.9. This supports the supposition that the fringe field
can introduce a non-linearity between the B-field in a particular fixed point within the
magnet and the B-field integral.

4.4.2 Field Stability Runs
For magnet 3B4 some stability runs were performed. After the standardization proce-
dure, the magnet was powered with a fixed current of +150 A or +200 A over long
periods (6÷ 24 hours) and data were recorded from the flip coil (

∫
Bdl), NMR and Hall

probes (B-field).
Figures 4.12a and 4.12b show the relative variation of NMR and Hall probe data as

well as data from the flip coil and magnet current as functions of the sample number
for a 24 and 6 hour run, respectively. We define the magnet stability as the RMS of the∫
Bdl measurements. For the 24 hour run, the stability was found to be close to 30 ppm,

whereas for the 6 hour run some step behavior of the probe and coil measurements can
be seen. This peculiarity is not observed for the current measurements. Since no further
data exist, we can only suppose that this behavior might (probably) be due to magnet
temperature variations (for details see Sect. 4.4.3).

4.4.2.1 Residual of Stability Runs for Magnet 3B4

For the 24 hour run, we can evaluate the ratio

P1 = <
∫
Bdl >

< B >
= 0.9965± 0.0003 , (4.3)

where <
∫
Bdl > is the average of flip coil B-field integral measurements and < B >

denotes the average of NMR probe measurements.
P1 · BNMR = (

∫
Bdl)pred provides a prediction for the B-field integral. The differ-

ence between this prediction and the corresponding flip coil measurement, (
∫
Bdl)pred −

(
∫
Bdl)flip, reveals how well the NMR probe represents

∫
Bdl. We call this difference

as residual. Figure 4.13 shows the distributions of the residuals for the 24 hour run
(left) and 6 hour run (right), respectively. For the 24 hour run, the RMS is about 16
ppm (about the half of the stability run value), whereas for the 6 hour run it is close
to 41 ppm. This increases from 16 to 41 ppm can only be explained qualitatively: if
the working conditions, such as the temperature of the magnet, changes quickly for
unknown reasons, the linear relation between the fixed point B-field and B-field integral
is violated and the RMS of the residuals can increase.

4.4.2.2 Stability Run for Magnet 3B4 at Zero-Current

For a special zero-current run the residual field inside magnet 3B4 was monitored using
the flux gate, the Hall probe (installed inside the gap of the magnet) and the flip coil. In
Fig. 4.14 the relative variations of each measurement are presented against the sample
number, together with the cooling water temperature. The data shown were taken over
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(a)

(b)

Figure 4.12: Relative variations of the flip coil, Hall and NMR probe measurements and
magnet current values for two stability runs of magnet 3B4: a) for 24 hours;
b) for 6 hours.
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Figure 4.13: Residuals of the 24 hour (left) and 6 hour run (right) for magnet 3B4.

Figure 4.14: Results of the residual field measurements of magnet 3B4.

6 hours. As can be seen, a variation of the residual B-field in the order of 0.1% exists,
which is accompanied by a strong dependence on the cooling water temperature. The
Hall probe shows a systematic fall-off (with large fluctuations) which might be ascribed
to an insufficient precision of the probe for very low fields.

The absolute residual field of the magnet 3B4 (not shown) is about 0.3 mT.
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4.4.3 Temperature Dependence
Figure 4.15 shows

∫
Bdl and the B-field for magnet 3B4 measured by the flip coil and

NMR probe versus the temperature of the magnet pole.
According to simulations [47], a linear dependence between the

∫
Bdl and the tem-

perature is expected. In [47], the
∫
Bdl variation on temperature is due to a change

of the magnetization curve and due to changes of the dimensions of the magnet. The
simulation estimated temperature factor was found to be 6.1 · 10−5 ◦C−1.
Performing a simple linear fit to the data in Fig. 4.15, a temperature factor of

F∫ Bdl = (4.2± 1.0) · 10−5 ◦C−1 (4.4)

is found which we consider to be in good agreement with the simulation value from [47].

Figure 4.15: Dependence of the relative B-field (left) and B-field integral (right) on the
temperature. Some measurements have different values at the same tem-
perature because of current fluctuation.

It is also useful to know the correlation factor between the B-field and the temperature,
which was estimated to be

FB−field = (2.2± 0.5) · 10−5 ◦C−1 . (4.5)

For each factor a conservative error of 20% was assigned. The NMR probe has,
compared to the flip coil, a different temperature factor which has to be considered
when the NMR measurements are used to calculate the B-field integral.

4.4.4 Reproducibility Runs
At ESA, it was planned to run the magnets with both polarities in order to measure the
beam energy absolutely in situ. For this reason, the behavior of the magnets by flipping
the polarity was studied in some details.
Figure 4.16 shows the results of

∫
Bdl for magnet 3B1 from reproducibility runs. The

current was ramped up and down between +150 and -150 A and for each polarity, data
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Figure 4.16: Results of reproducibility run for magnet 3B1.

were taken with the NMR and Hall probes, placed inside the magnets, as well as the
flux gate, placed outside of the magnet, and the flip coil. The field polarity was changed
periodically 11 times per run, and for each time, 6 measurements of

∫
Bdl and the B-

field were performed, resulting in 6 samples of 6 measurements for a given polarity (see
left-hand side of Fig. 4.16).
An adequate quantity to characterize the magnet behavior is the difference between

the fields of negative and positive polarity.
We calculated the mean value of each sample in the left-hand side of Fig. 4.16. Af-

terward, the difference between two consecutive mean values with opposite polarity was
determined and on the right-hand side of Fig. 4.16, the differences normalized to the
modulus of the B-field are plotted. An RMS value of about 40 ppm is observed.
Moreover, the absolute mean values of the B-field for negative and positive field

orientation were not identical (not visible in Fig. 4.16). An ’offset’ of 0.2÷ 0.4 mT was
observed, which might be due to some residual field, being measured to be non-zero
after switching off the current.

4.4.5 Summary from Stability and Reproducibility Runs

Here we summarize some conclusions from the stability and reproducibility runs. For the
24 hour data taking period, a stability of 30 ppm and an RMS of the residuals between
NMR and flip coil data of 16 ppm were found. A slightly worse result was obtained
from the 6 hour run, with an RMS of the residuals of about 42 ppm. As already stated,
no explanation is given for the jump in Fig 4.12b and we do not know how to control
it. Both RMS values are however acceptable. Also, the reproducibility run was found
to be reasonably stable, with a relative variation of the difference between the B-fields
of negative and positive polarities in the order of 40 ppm. These results confirm that
the standardization procedure was able to stabilize the magnets reasonably well and the
NMR probe under such conditions predicts the B-field integral with an acceptable error
which does not exceed the requirement of 50 ppm (see Sect. 4.1).
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4.4.6 Current Scans of Magnets
Current scans were performed for all magnets over large and small ranges. For large
range scans, the current was changed from -200 to +200 A and then back to -200 A in
25 A increments, while small range scans were performed between +140 and +150 A
in 1 A steps. Figure 4.17 displays the results for the scan between -200 and +200 A of
magnet 3B4.

Figure 4.17: Results of the current scan for magnet 3B4. Left:
∫
Bdl values together

with a linear fit as a function of the current. Right: Difference between the∫
Bdl fit value and the corresponding measured value. The upper points are

the measurements increasing the current from -200 up to + 200 A, while
the lower points are obtained when decreasing the current from +200 down
to -200 A.

The slope of a straight line fit results in

a1 = 0.000781± 0.000016 T ·m · A−1 (4.6)

and was used to determine approximately the B-field integral from the magnet current.
From the right-hand side of Fig. 4.17 we notice a maximum

∫
Bdl error of about 0.2%,

if the current is used to predict the field integral.
In order to deduce the B-field integral from the NMR probe we need the coefficients

P1 and P0 of the linear function∫
Bdl = P1 · (BNMR − 0.11) + P0 , (4.7)

which is supposed to represent a good approximation. For that, a positive current
scan within 140 ÷ 150 A with a 1 A increment was performed. For each current, the
B-field from the NMR probe and the B-field integral from the flip coil were recorded
and displayed in Figs. 4.18 and 4.19. Measurement fluctuations are due, in this case,
mainly to current fluctuations. Since flip coil data are obtained from averaging over a
larger number of measurements than the NMR probe, the relative fluctuations of the
flip coil data were smaller in size than the NMR probe data. For this reason, NMR data
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Figure 4.18: Calibration of the NMR probe for magnet 3B1 (left) and magnet 3B2
(right).

Figure 4.19: Calibration of the NMR probe for magnet 3B3.

Magnet Slope (m−1) Intercept (T)
3B1 1.0027± 0.0003 0.111263± 0.000001
3B2 1.0032± 0.0007 0.111443± 0.000002
3B3 1.0050± 0.0008 0.111380± 0.000002

Table 4.2: Calibration coefficients of the NMR probe for magnets 3B1 to 3B3

were plotted as function of the flip coil data and the inverse of Eq. (4.7) was used for
the fit. Table 4.2 collects the slopes and the intercepts for magnets 3B1, 3B2 and 3B3.
For magnet 3B4, a corresponding current scan was not performed and the coefficients
needed were obtained from the 24 hour stability run, i.e.

P1 = <
∫
Bdl >

< B >
= 0.9965± 0.0003

and P0 = 0 (see Sect. 4.4.2.1). In the following, the procedure to determine the coeffi-
cients P0 and P1 is referred to as NMR calibration.
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Figure 4.20: Left: Residuals for magnet 3B1 from the so-called reproducibility run, nor-
malized to the mean value of

∫
Bdl. Right: Mean values of the residuals

together with the RMS for magnet 3B1 calculated for each sample at both
polarities.

4.4.7 Residuals for Magnets 3B1, 3B2 and 3B4
After calibration of the NMR probe as described in the previous section, reproducibility
runs for magnets 3B1, 3B2 and 3B4 were performed. The important quantity here is
the residual which is defined as the difference (

∫
Bdl)pred− (

∫
Bdl)flip, where (

∫
Bdl)pred is

the predicted B-field integral from the NMR probe, (
∫
Bdl)pred = P1 · BNMR + P0, and

(
∫
Bdl)flip the flip coil measurement (see Sect. 4.4.2.1 and 4.4.6).
The reproducibility runs provide six groups of six measurement for each polarity, see

Fig. 4.16 and Sect. 4.4.4. For each group, the mean and the RMS of the residuals
were calculated and the results are shown on the right-hand side of Figs. 4.20, 4.21
and 4.22. The histograms on the left-hand side display the residual distributions for
negative and positive currents of magnets 3B1, 3B2 and 3B4. First, we notice that
the mean residuals for negative current are definitely not centered at zero. This can
only partially be explained by the stray field as schematically shown in Fig. 4.23. A
magnet with a constant vertical field component By inside the magnet provides outside a
rapidly decreasing field, the fringe field. But outside the magnet an additional field exists
which is supposed to be a superposition of the earth field and the B-fields produced by
surrounding cables and/or electronic equipment (stray field). The field integral measured
by the flip coil or the moving wire is then the sum of two fields

{
|
∫
Bdl|measured = |

∫
Bdl|magnet − |

∫
Bdl|stray , for positive current

|
∫
Bdl|measured = |

∫
Bdl|magnet + |

∫
Bdl|stray , for negative current . (4.8)

Equations (4.8) follow from the fact that when the polarity of the magnet is flipped,
(
∫
Bdl)measured changes sign but not (

∫
Bdl)stray. Therefore, in one case they sum up

while in the other they are subtracted from each other. The minus sign assigned to the
positive current was chosen arbitrarily. The strength of (

∫
Bdl)stray is estimated to be in
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Figure 4.21: Left: Residuals for magnet 3B2 from the so-called reproducibility run, nor-
malized to the mean value of

∫
Bdl. Right: Mean values of the residuals

together with the RMS for magnet 3B2 calculated for each sample at both
polarities.

Figure 4.22: Left: Residuals for magnet 3B4 from the so-called reproducibility run, nor-
malized to the mean value of

∫
Bdl. Right: Mean values of the residuals

together with the RMS for magnet 3B4 calculated for each sample at both
polarities.

the order of (1÷2) ·10−5 T·m. As noted in Sect. 4.4.1.3, it was not possible to determine
the sign of the fields, since several errors were made during data taking.

As explained in Sect. 4.4.6, the NMR probe was calibrated from flip coil measurements
using data of positive current runs. From Eqs. (4.8) and (4.7) follows∣∣∣∣∫ Bdl∣∣∣∣

measured
=
∣∣∣∣∫ Bdl∣∣∣∣

magnet
−
∣∣∣∣∫ Bdl∣∣∣∣

stray
= P1 |BNMR|+ P0 (4.9)
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Figure 4.23: Schematic representation of the field component By of a magnet and the
stray field along the Z-axis

and the residual is calculated as the difference

P1 |BNMR|+ P0−
∣∣∣∣∫ Bdl∣∣∣∣

measured
. (4.10)

For positive current runs, the mean residual results in

(P1 |BNMR|+ P0)−
∣∣∣∣∫ Bdl∣∣∣∣

magnet
+
∣∣∣∣∫ Bdl∣∣∣∣

stray
= 0 , (4.11)

whereas, taking into account the expression above and Eq. (4.8), the corresponding
mean residual for negative current runs is expressed as

(P1 |BNMR|+ P0)−
∣∣∣∣∫ Bdl∣∣∣∣

magnet
−
∣∣∣∣∫ Bdl∣∣∣∣

stray
=

(P1 |BNMR|+ P0)−
∣∣∣∣∫ Bdl∣∣∣∣

magnet
+
∣∣∣∣∫ Bdl∣∣∣∣

stray
+

−2 ·
∣∣∣∣∫ Bdl∣∣∣∣

stray
= −2 ·

∣∣∣∣∫ Bdl∣∣∣∣
stray

. (4.12)

The results of (4.11) and (4.12) are qualitatively in accord with the data shown in
Figs. 4.20, 4.21 and 4.22. If we exchange the signs in Eqs. (4.8), the fields sum up for
positive current data and are subtracted for negative ones. This implies a reversed sign
in (4.12), which, however, does not modify our final results. The contribution of the
stray field to the total B-field integral was estimated to be (

∫
Bdl)stray ≈ 1.35 ·10−5 T·m,

which corresponds to a fraction of 100÷200 ppm of the total field integral, in agreement
with measurements from Figs. 4.20, 4.21 and 4.22.
As best seen from the right-hand side of Fig. 4.20, a drift in time of the mean residual

exists. To understand this, Fig. 4.24 shows as an example the relative variations of
NMR,

∫
Bdl and current data of the reproducibility run for magnet 3B1 at positive

polarity. The current and
∫
Bdl flip coil measurements drift with time, but the field
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Figure 4.24: Relative variation of current, NMR probe and flip coil values of magnet
3B1 for positive polarity during the reproducibility run.

Figure 4.25: Relative variations of NMR and Hall probe measurements as well as
∫
Bdl

data of the flip coil from the reproducibility run of magnet 3B2 for positive
(left) and negative (right) current.

measured by the NMR probe does not despite strong fluctuations. This means that
the NMR probe is blind with respect to

∫
Bdl and current variations resulting in the

drift seen in Fig. 4.20 (right). If we compare the residuals in Fig 4.20 (left) with those
obtained for magnet 3B4 from the stability run (Sect. 4.4.2.1), we note that the latter
residuals have a smaller RMS (Fig. 4.13).
The last point of discussion concerns the "jump" in Fig. 4.21 for negative current

data when going from sample 1 to sample 2 . Since this step cannot be explained by
neither current nor temperature variations, the following explanation might be appro-
priate. Figure 4.25 displays the variations of the Hall probe, NMR probe and flip coil
measurement normalized to their mean value of the reproducibility run of Fig. 4.21 for
positive (left) and negative currents (right), respectively. For the left-hand side (posi-
tive current), a gentle or small jump can be noticed for all three devices, resulting in an
acceptable residual. For the negative current, the large jump of the flip coil corresponds
to a similar behavior of the Hall and NMR probe data but smaller in size. An ideal
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situation would be when the relative variations of the 3 devices were the same in size
(compare e.g. with Figs. 4.12a and 4.12b). Since the two probes provide independent
measurements (different devices in different locations) the most probable explanation of
the behavior in Fig. 4.21 is a malfunctioning of the flip coil.

4.5 Error Sources and Estimations
In this section we discuss possible error sources associated with each device utilized
during the course of the measurements.
An important error might be caused by possible rotations around any coordinate axis

(roll, pitch, yaw) and by displacements of the measurement device with respect to the
chosen reference system. Unlike the NMR probe, all devices perform axial measure-
ments, i.e. they only measure the field component perpendicular to some plane. So, if
we denote B = By as a field of only the Y-component, rolling or pitching modifies this
field to B′ = B cos θ, and the field error from the uncertainty of θ is δB′ = Bδ(cos θ) =
B sin θ · δθ. δθ is estimated to be less than 0.5 mrad which yields for the worst situation
θ = δθ = 0.5 mrad, a relative field error of δB′/B = sin θ · δθ = 2.5 · 10−7, i.e. of 0.25
ppm.
For any displacement it is worth to note that the most sensible axis is the Y-axis. A

displacement in Y of ±1 cm away from the center of the magnet results in a decrease
of the field by about 6 · 10−4, whereas a corresponding displacement along X increases
the field by only (0.5 ÷ 1) · 10−4 from its nominal value. For displacements along the
Z-axis, B-field and B-field integral variations are negligible as long as measurements are
performed close to the center of the magnet.
As already pointed out, By depends in general on X-, Y- and Z-positions within the

magnet. Considering a magnet with an effective length l, By can be parametrized as

By(X, Y, Z) =
{
B0(p0 + p1x+ p2x

2)(1− A|y|) if |z| < l/2
0 otherwise (4.13)

Here, B0 is the value of By at the magnet center X=Y=Z=0. The parameters p0, p1
and p2 are determined from X-scans of magnet 3B1 (Fig. 4.5) and the parameter A was
measured to be 6 · 10−4 from the field mapping. So, the actual field measured by the
flip coil and moving wire techniques is∫∫

B0(p0 + p1x+ p2x
2)(1− A|y|) · uydxdz

∆x =
∫
V dt

∆x =< B · l > , (4.14)

with uy the vertical component of the normal to the plane defined by the moving wire
or flip coil. From the small value of sin θ · δθ, see above, we can set uy = 1. In absence
of yaw, pitch and roll rotations as well as displacements in X- or Y-direction, the field
measured by the moving wire or flip coil is reduced to

(
∫
B0(p0 + p1x+ p2x

2)dx) · l
∆x =

∫
V dt

∆x =< B · l > , (4.15)
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and the relative difference between the nominal B-field integral (B0l) and the measure-
ment < B · l > results in

< B · l > −B0l

B0l
= 1.5 · 10−6 . (4.16)

A displacement in X of 2 mm or a yaw rotation of 0.5 mrad modifies this value in a
negligible manner. For pitch rotation of 0.5 mrad, the difference becomes

< B · l > −B0l

B0l
= 3.4 · 10−6 , (4.17)

while a 0.5 mrad roll rotation yields

< B · l > −B0l

B0l
= 1.2 · 10−6 . (4.18)

The geometrical sum of the errors due to rotations, non-uniformity of the B-field and
displacements in X becomes δ(

∫
Bdl)/

∫
Bdl = 3.9 · 10−6, which holds for the flip coil as

well as the moving wire device.
The last point to discuss concerns the residuals. The RMS of this important quantity

measures how well a device, for example the NMR probe, agrees with values from
other methods, e.g. the flip coil technique in our case. The resulting mean value of
the residuals is then interpreted as the error of the NMR calibration procedure (see
Fig. 4.20).
It is important to remark that calibration and misalignment errors of the flip coil and

misalignment errors of the moving wire are not visible in Figs. 4.20, 4.21 and 4.22 and
they were calculated above. Misalignment errors of the NMR probe are considered to
be negligible. In this way, the final error for the

∫
Bdl monitoring using the NMR probe

will be the quadratic sum of the misalignment error of the moving wire and flip coil,
the accuracy of each device, the calibration error of the flip coil and the RMS and the
mean value of the residual (

∫
Bdl)pred − (

∫
Bdl)flip.

The main error sources of the techniques applied can be summarized as:

1. NMR probe:
• the precision of a single measurement is 5 ppm,
• the RMS of the residuals [NMR - (flip coil)] is 66 ppm,
• the error of the NMR calibration is 38 ppm.

2. Hall probe:
• the precision of a single measurement is 100 ppm + 0.05 Gauss (taken from

the manual),
• the pitching error of the mover arm during Z- or X-scan is less than 0.5 mrad

yielding an error of 0.25 ppm,
• the errors on rolling or pitching position is <0.5 mrad, which corresponds to

an error of less than 0.25 ppm.
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3. moving wire:
• the moving wire error of a single measurement is 26 ppm,
• a displacement error in Y-direction of 2 mm corresponds to a field error of

120 ppm,
• the error due to B-field non-uniformity, a displacement error in X of 2 mm

and a 0.5 mrad uncertainty in any rotation results in 3.9 ppm.

4. flip coil:
• the resolution of a single measurement is 5 ppm,
• a displacement error of about 2 mm in Y-direction yields a field error of 120

ppm,
• the error due to B-field non-uniformity, a displacement error in X of 2 mm

and a 0.5 mrad uncertainty in any rotation results in 3.9 ppm.
• the RMS residual [(moving wire) - (flip coil)] and the [(moving wire) - (flip

coil)] calibration error are unknown.

5. current measurement
• the accuracy for a single measurement is 100 ppm and in addition,
• a systematic error of -0.01 A has to be assumed.

4.5.1 Error of B-field Integral Monitoring
We conclude this section by evaluating the error on

∫
Bdl monitoring. The evaluation is

performed for magnet 3B1, with data taken for positive polarity during a reproducibility
run. Since all the errors discussed above are independent, the quadratic sum of the
moving wire, flip coil and NMR probe errors provide the total uncertainty on B-field
integral monitoring of

δ (
∫
Bdl)∫
Bdl

= 184 ppm. (4.19)

We note that the largest contribution to this error comes from the alignment error
along the Y-axis.

4.6 Summary
Simulations of the 10D37 magnet for the ESA energy spectrometer and the laboratory
measurements agree quite well. Largest differences were observed in the region of the
fringe field of about 7 Gauss. Moreover, we found that the center of the field does
not coincide with the geometrical center of the magnet, a result not reproduced by
simulations. The reason of that is unknown.
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The total system (magnet+power supply) was found to be very stable: long-term
runs showed a stability of

∫
Bdl and of the current at the level of or better than 30 ppm.

This also means that the applied standardization procedure works reasonably well.
Concerning the measurement of the temperature coefficient, the results are not fully

convincing despite good agreement with simulations. Fluctuations due to current ripple
were of the same amount as temperature fluctuations, spoiling a clear temperature
dependence of the B-field. In future, temperature variations must be monitored in
order to measure

∫
Bdl with a relative accuracy of 50 ppm.

Regarding monitoring of the integrated B-field, the NMR probe was able to provide
good estimations for

∫
Bdl, except for one peculiarity seen in Fig. 4.21, which is not fully

understood (see also Fig. 4.25).
For the stability run (Sect. 4.4.2.1), the (NMR - flip coil) residuals delivered some

better RMS than the reproducibility run (compare Fig. 4.13 with Figs. 4.20, 4.21, 4.22).
Flux gate measurements performed outside the magnet and data from the Hall probe,

placed in the gap of the magnet, could not be used to evaluate
∫
Bdl. In the first case,

the sensitivity of the measurements to variations of the field integral was very weak
since the flux gate only measures low fields, e.g. the fringe field, whereas the errors of
the Hall probe were too big.
The final error on the B-field integral of 184 ppm is still quite large compared to the

requirement of 50 ppm (see Sect. 4.1), but some improvements are possible, especially
for the alignment of the devices along the X- and Y-axes. Some additional measurements
and optimization procedures to reduce the B-field error are suggested in the next section.

4.7 Recommendations for Future Measurements
In future, additional measurements should be performed for magnets 3B1 and 3B2,
since they are the most important magnets in the spectrometer. We suggest to perform
detailed measurements using the moving wire and flip coil techniques, by placing the
magnets onto an appropriate aluminum test bench table as done for the first round of
measurements. In particular, we require a precision alignment of 0.5 mrad along the
rotation axes (yaw, pitch, roll) and of 0.1 mm in X and Y for the flip coil and moving
wire systems. Also a careful standardization procedure should be adapted, which has
to consist of three cycles between -200 and 200 A and be applied before any local field
or
∫
Bdl measurements.

Measurements of the temperature coefficient should be performed after standardiza-
tion runs with a magnet current of +150 A. Measuring

∫
Bdl with the flip coil and the

field in a fixed point with the NMR probe, the temperature should be varied in the
range of 10÷ 20 ◦C by adiabatically reducing the water flow. From such measurements
it should be possible to deduce the temperature coefficient with an error of 10%.
To reduce the RMS of the residuals between NMR probe and flip coil measurements,

we suggest to install more than one NMR probe into each magnet. Their calibration
with a current scan between 140÷ 150 A with 1 A increment for both polarities allows
to reduce significantly the errors of the probes.
Since a measurement with the flip coil takes about 1 ÷ 2 minutes, several NMR



4.8 The 4-Magnet Chicane in End Station A 69

measurements of 1 ÷ 2 seconds can be performed within this time period. We propose
to record as many NMR measurements as possible during flip coil data taking. So far,
a flip coil measurement was supplemented by 3÷ 4 NMR probe measurements.
Also the residuals between the flip coil and moving wire techniques should be mea-

sured. In principle, measurements with the flip coil should be simultaneously performed
with the moving wire system by positioning the wire over the flip coil or next to it.
However, due to some non-uniformity of the B-field along X or Y, the moving wire will
measure a slightly different

∫
Bdl than the flip coil. Positioning the moving wire next to

the flip coil seems to be preferable since the field gradient is smaller along the X-axis.
The possible difference between the B-field integral from the moving wire and the flip
coil can be calculated using, for example, the data of Fig. 4.5.
Another option to reduce the total error on

∫
Bdl consists of omitting the flip coil and

to calibrate the NMR probe directly with the moving wire device.
Since the time needed for a reproducibility or stability run was typically larger than

6 hours, more care is needed to avoid or reduce alignment errors of the moving wire
system.

4.8 The 4-Magnet Chicane in End Station A
Figure 4.26 shows a schematic view of the 4-magnet chicane in ESA. The magnets were
installed on a girder, using supports made of non-ferromagnetic material. Only one
power supply was available for the magnets mounted in series, so that the current was
the same for all of them. By means of a Linux computer it was possible to set the
nominal values of the B-field integral. The nominal values were converted into a current
by the control program, using the slope as given by Eq. (4.6). In Fig. 4.26 also some
details on diagnostics of the spectrometer are visible. Magnet 3B1 was equipped with
two NMR probes and one Hall probe, whereas the other magnets had only one NMR
probe. The standard current used was ± 150 A, which corresponds to a B-field of ±
0.11 T and a 5 mm dispersion in the center of the chicane (mid-chicane) for an electron
beam of 28.5 GeV. The two NMR probes in 3B1 were of different types with different
working ranges. They, however, overlapped in the region of the B-field setting. The
Hall probe, placed in magnet 3B1 only for runs in March 2007, was removed after that
to be installed in the wiggler magnet for experiment T475.
Along the beam line, two flux gate monitors were also placed in the mid-chicane to

provide access to the stray field. One was placed on the girder to read the X- and Y-field
components and the other on the beam pipe reading only the Y-component.
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Figure 4.26: Schematic representation of the magnetic chicane in ESA. Also main diag-
nostics instruments are shown.
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5.1 General Considerations
During 2007 a complete 4-magnet chicane was commissioned in ESA so that beam energy
measurements could be performed. Here only some general arguments are discussed
which are needed to evaluate the resolution of the measurements. The structure of
this chapter is as follows. In Sect. 5.2 the BPMs within the SLAC A-line (the energy
BPMs) will be described including their resolution. Section 5.3 evaluates the beam
energy resolution of the 4-magnet chicane and compares the results with those from the
energy BPMs. The last section, Sect. 5.4, contains the conclusions.
The data from the experiment T474/491 were collected in “runs”, where a run had a

duration of typically 10 ÷ 20 minutes. The data were handled by a Labview program
running on a Windows XP computer and, after some reorganization, the measurements
were stored into root files.
For a given run, the field of the magnets was kept fixed and only changed periodi-

cally for positive polarity, zero current and negative polarity runs. Over the 3-weeks
data taking period, several operation modes such as energy scans and calibration proce-
dures were performed. Calibration runs also collected data from the corrector dipoles,
Helmholtz coils and mover systems.
Energy scans were performed by changing the beam energy from the nominal value

Eb = 28.5 GeV in 5 steps of 50 MeV between Eb ± 0.1 GeV, i.e. over a 200 MeV total
energy range. In the following sections only these data will be discussed.

5.2 Energy BPMs
Within the bend in the A-line, some BPMs were installed to provide the relative variation
of Eb, the nominal beam energy, through their X-position readings. The data available
were the X-position and the tilt in the XZ-plane of BPMs 12 and 24. In the following,
these variables are denoted as x12Pos, x24Pos, x12Tilt and x24Tilt. At the locations of
the BPMs in the A-line, the X-positions and the tilts θ of the beam are related to the
beam energy through Eb ∝ 1/x ∝ 1/θ, neglecting possible position jitters of the beam.
Thus, the relative energy resolution σEb/Eb can be estimated as

σEb
Eb

= σx
x , (5.1)

where x represents one of the variables x12Pos, x24Pos, x12Tilt and x24Tilt.
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In a first step, all quantities used were normalized in order to be able to compare
them to each other. Denoting x as a generic raw variable, the normalized quantity x′ is
defined as

x′ = x− x̄
∆x

, (5.2)

where x̄ is the mean value of the variable x in question and ∆x the standard deviation
calculated for a given number of events.
In Figs. 5.1 and 5.2 position measurements of BPM 12 and 24 are shown from an

energy scan performed for a run with the magnet current of +150 A. Each point corre-
sponds to a beam bunch of 1010 particles and as seen on the figures, for a fixed energy a
cluster of points exists which is mainly due to the beam energy jitter. The five energy
steps of the scan at Eb-100 MeV, Eb-50 MeV, Eb, Eb+50 MeV, Eb+100 MeV are clearly
visible.
In Fig. 5.1 the concept of the normalization procedure is addressed for the raw X-

position data of BPM 12, shown left. Since the BPM values shown are not calibrated,
the Y-axis is given in arbitrary units. The histogram on the right-hand side is the
projection of the data of Fig. 5.1 (left) to the Y-axis, from which the mean value x̄
and the RMS ∆x can be deduced. It is important to note that ∆x and the resolution
σx in Eq. (5.1) are different quantities. The first quantity represents the width of the
data used for normalization, while the latter one denotes the error on position or tilt
measurements.
An example of the normalization is presented in Fig. 5.2, where for an energy scan

the raw X-position readings of BPM 12 and 24 (left) and the normalized data (right)
are shown. The raw x24Pos measurements have different mean values and standard
deviation than those of BPM 12, but after normalization, both data sets superimpose
almost perfectly. In plots of normalized data, the Y-axis will be always given in “a.u.”,
i.e. in arbitrary units. .
The two dashed lines on the right-hand side of Fig. 5.2 indicate the total range in

energy where the scan was performed. This range of about 3 for the normalized case
corresponds to 200 MeV in terms of beam energy. This correspondence of 3 to 200 MeV
provides the scale factor of the energy resolution procedure.

5.2.1 Energy BPM Resolution

Considering the normalized variables x24Pos, x12Pos, x24Tilt, x12Tilt as independent,
it is possible to estimate their resolutions by means of the histograms in Fig. 5.3. Each
histogram represents, for a given energy scan, the difference between two out of the four
variables, bunch-to-bunch. Not all possible combinations are shown. It is important to
note that the difference between two quantities with different dimensions, like position
and tilt, is now after normalization physically meaningful.
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Figure 5.1: Left: Raw X-position readings of BPM 12 for an energy scan. Right: Pro-
jection of the data on the left-hand side to the Y-axis.

Figure 5.2: Left: Raw variables x12Pos and x24Pos for an energy scan. Right: Position
data of the left-hand side after normalization. The two dashed lines indicate
the scan range used.

From Fig. 5.3 one derives
σ2

1 = σ2
x24Pos + σ2

x12Pos = (0.1865)2

σ2
2 = σ2

x24Pos + σ2
x12T ilt = (0.2151)2

σ2
3 = σ2

x12Pos + σ2
x24T ilt = (0.1231)2

σ2
4 = σ2

x12Pos + σ2
x12T ilt = (0.125)2 ,

(5.3)

while, if the measurements are independent and possible position jitters are neglected, all
σ’s should be zero for an ideal situation. Any non-zero value indicates a finite resolution



74 Relative Beam Energy Resolution

Figure 5.3: Differences between the variables as indicated for an energy scan.

of the BPM. Solving the system (5.3) for σx24Pos, σx12Pos, σx24T ilt and σx12T ilt, we obtain
σa.u.x24Pos = 0.187
σa.u.x12Pos = 0.018
σa.u.x24T ilt = 0.12
σa.u.x12T ilt = 0.124 ,

(5.4)

where σa.u. means that the quantity in question is expressed in arbitrary units of the
normalized scale. According to Eqs. (5.1) and (5.2), we obtain

σa.u.

3 = σMeV

200 , (5.5)

so σMeV
x12Pos, defined as the resolution of the variable x12Pos for a relative beam energy

measurement, can be written as σMeV
x12Pos = 0.018 · 200/3 = 1.2 MeV, which corresponds

to

σMeV
x12Pos
Eb

= 1.2 MeV
28.5 GeV = 4.2 · 10−5 . (5.6)
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The other variables like x24Pos provide worse beam energy resolutions, up to an order
of magnitude.
It is worthwhile to remind that the energy BPMs do not provide an absolute but only

a relative beam energy measurement, i.e. no determination of Eb itself is possible.

5.3 ESA Magnetic Chicane
The basic scheme of the spectrometer in End Station A was shown in Figs. 3.5b and 4.26.
Unfortunately, in the 2007 March runs the readout of the NMR probes was not working
properly and in July the two NMR probes installed in magnet 3B1 and the one in 3B3
were damaged. Thus, essential informations for absolute beam energy measurements
were missing. Moreover, since a complementary or independent method for Eb mea-
surement was a priori not foreseen in ESA, the results from the chicane could not be
cross-checked or cross-calibrated. Only relative beam energy measurements could be
performed.

5.3.1 Mid-chicane BPM 4
For the following analysis only data from the July 2007 runs are taken into account and,
if not explicitly stated, all variables considered are unnormalized. Since BPM 7, also
positioned in the mid-chicane, was not reliable, only data from BPM 4 will be employed.
Selecting the energy scan data from run 2743 as an example, Fig. 5.4 shows the X-

reading of BPM 4 (x4Pos). Here, steps in energy cannot be recognized, unlike to Fig. 5.2,
since position fluctuations of the beam are bigger than the energy steps applied.
In fact, referring to Figs. 3.2 and 5.5, the dispersion d can be written as

d = x
(4)
chicane(Eb) = x4Pos + A− x(4)

jitter , (5.7)

where x(4)
chicane(Eb) is the beam offset in the mid-chicane at the BPM 4 beam line position,

Figure 5.4: Beam positions of BPM 4 (without normalization) of an energy scan.
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which is coupled to the beam energy via Eq. (2.19), x(4)
jitter the extrapolation position of

the beam at the same Z-position (see Fig. 5.5) and A the BPM offset, which ensures to
locate the beam close to the center of the BPM. The value of A varies with the B-field,
for example when switching the magnet polarity or when running with zero-magnet
current. Nevertheless, since we normalize the data at the end of the analysis, this offset
is not important and allows us to write

x4Pos = x
(4)
chicane(Eb) + x

(4)
jitter . (5.8)

In order to have access to the offset x(4)
chicane(Eb) it is necessary to subtract x(4)

jitter from
x4Pos. x(4)

jitter can be deduced from an extrapolation of the beam using position values
from BPMs 1,2,3,5,9,10,11 (see Fig. 3.5b) . It is obvious that for zero-current runs
x

(4)
chicane(Eb) = 0 and, hence, x4Pos=x(4)

jitter.

Figure 5.5: Working principle of the chicane: a charged particle traveling through the
spectrometer receives an additional offset inversely proportional to its en-
ergy. The X-position reading of BPM 4 is the sum of two quantities, the
extrapolated position x(4)

jitter and the offset x(4)
chicane(Eb).

5.3.2 Evaluation of x(4)
jitter

The simplest way to determine x(4)
jitter is to perform a linear fit through the BPM beam

position values upstream and downstream of the chicane and to extrapolate the straight
line to the Z-position of BPM 4. This method is, however, limited since it does not
take into account any coupling between X- and Y-positions of the BPMs and other
informations as the tilt. Rotation or misalignment informations of the BPMs are missing
and could therefore not be implement into the analysis. Also, the offsets of the center
of the BPMs should be known, whose determination is also a non-trivial task.
Figure 5.6 shows x(4)

jitter as inferred from BPMs 1,2,3,5 upstream of the chicane against
the BPM 4 X-position readings. The data are from a run, where the magnet current
was set to zero, so that x4Pos = x

(4)
jitter. The dashed line in Fig. 5.6 represents a straight

line with a slope of 1. It is evident that x4Pos = α · x(4)
jitter, with α 6= 1, which might be

caused by e.g. different offsets or rotations of the BPMs around the Z-axis. In general,
x4Pos can be written as
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Figure 5.6: BPM 4 position measurement vs. x(4)
jitter evaluated from a linear extrapola-

tion of the X-positions from BPMs 1,2,3,5.

x4Pos = α · x(4)
jitter + β · x(4)

chicane(Eb) , (5.9)

where β denotes a possible relative rotation of BPM 4 with respect to the dipole field.
Thus, a more appropriate approach seems to be necessary to predict the correct value

of x(4)
jitter, with α = 1 (a discussion on β will be presented later, but for the moment we

assume β = 1). One option for an improved x(4)
jitter evaluation relies on the assumption

that x(4)
jitter depends linearly on other BPM variables upstream and/or downstream of

the chicane. Figure 5.7 shows, as an example, x4Pos plotted against x5Pos (left) and
x5Tilt (right) from BPM 5. The data are not normalized and were taken from a run
with zero-current (run 2747). A clear correlation between the variables exists in both
cases. The beam jitter at BPM 4 can therefore be written as

x
(4)
jitter = c0 + c1

1 · x1Pos + c2
1 · x1Tilt + c3

1 · y1Pos + c4
1 · y1Tilt

...
+c1

j · xjPos + c2
j · xjTilt + c3

j · yjPos + c4
j · yjTilt

...
+c1

N · xNPos + c2
N · xNTilt + c3

N · yNPos + c4
N · yNTilt ,

(5.10)

where xjPos and yjPos denote the X-, respectively, Y-position, xjTilt and yjTilt the
corresponding tilts of the j-th BPM and N the total number of BPMs used. For a run
with magnet current set to zero, the coefficients cji are determined by minimizing the
quantity

Nevent∑
i=1

(x4Pos− x(4)
jitter)2

i . (5.11)
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Figure 5.7: x4Pos as a function of x5Pos (left) and x5Tilt (right) for a run with zero-
current.

The results for the coefficients cji so obtained are discussed in Sect. 5.3.4.

5.3.3 Dipole Magnets
An essential prerequisite of the spectrometer is that the beam position downstream of
the chicane is not coupled with that within the chicane, which means that the upstream
beam path must be restored downstream. In other words, the chicane has to act on the
beam in a symmetric manner. B-field measurements were performed in March 2007 to
study the response of the chicane. Some results are shown in Fig. 5.8. Here, differences
between the measured and nominal B-fields are plotted as a function of the nominal
value, for negative and positive polarities.
For magnet 3B1, only the Hall probe was employed, whereas for the other magnets

NMR probes were used. As can be seen, the differences vary from few tenths of mT (for
magnets 3B2 and 3B3) up to about 3 mT. Magnet 3B4 shows field values much closer
to the nominal ones, because only for this magnet the relation between the current and
the field as given in Sect. 4.4.6 was determined and used for the field settings. The
differences seen in the Fig. 5.8 might be attributed to any residual field, which was
estimated to be 0.2÷ 0.4 mT (see Sect. 4.4.1.3) and which is expected to depend on the
history of the magnet and on the steel properties (no careful design and composition
of the steel were accounted for). As a consequence, the path of the beam upstream
could not fully restored downstream by the chicane, and changes of the beam energy
are converted to position variations in BPMs 9, 10 and 11.
This supposition is supported by the following discussion. Similarly to what was done

for BPM 4, the X-position of BPM 9 downstream of the chicane can be written as

x9Pos = x
(9)
jitter + x

(9)
chicane(Eb) . (5.12)

For simplicity, α and β are assumed to be 1. If BPM 1, 2, 3 and 5 position data are
used to predict the X-position jitter at BPM 9 (x(9)

jitter) and if this value is subtracted
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Figure 5.8: Differences between the measured and nominal B-fields as a function of the
nominal value of the four magnets in ESA. Left: Negative current. Right:
Positive current.

from x9Pos for an energy scan, x(9)
chicane(Eb) as shown in Fig 5.9 is obtained. The steps

due to different beam energies are basically visible which should however not be the
case. Only position jitters with horizontal fluctuations around zero are expected. This
observation supports that the BPMs downstream of the chicane are not useful to be
used to estimate the beam jitter in BPM 4, x(4)

jitter.

Figure 5.9: Normalized beam position of BPM 9 for an energy scan after subtraction of
the jitter obtained from BPMs 1, 2, 3 and 5.

5.3.4 Energy Resolution of the Spectrometer

Using data from a particular zero-current run, the parameters cji were determined by
minimizing expression (5.11), described in Sect. 5.3.2, by accounting for X- and Y-
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position as well as X- and Y-tilt data from BPMs 1, 2, 3 and 5.1
Using the coefficients cji obtained, x(4)

jitter can be calculated from Eq. (5.10) and if
x4Pos is now plotted against the new x

(4)
jitter, a straight line with a slope close to 1 is

obtained, see Fig. 5.10. This result demonstrates that x(4)
jitter after minimizing (5.11) is

much more suitable than the procedure discussed at the beginning of Sect. 5.3.2.

Figure 5.10: The position x4Pos versus x(4)
jitter evaluated using Eq. (5.10). The data are

from a run with magnet current set to zero.

5.3.4.1 Beam Energy Resolution

The relative beam energy resolution of the 4-magnet chicane was performed in the
following way. Considering an energy scan with magnet current of +150 A and enabling
subtraction of x(4)

jitter from x4Pos, the beam offset in the mid-chicane, x(4)
chicane(Eb), is

obtained from Eq. (5.8). In Fig. 5.11 (left) the normalized x12Pos and x(4)
chicane(Eb) data

are superimposed, while on the right-hand side their difference (x12Pos - x(4)
chicane(Eb))

is shown. The non-zero standard deviation of the histogram given in arbitrary units,
σa.u., is due to the finite resolution of x(4)

chicane(Eb) as well as of x12Pos. In fact,

σa.u. = σa.u.
x

(4)
chicane

(Eb)
⊕ σa.u.x12Pos = 0.365 , (5.13)

where the two terms were added in quadrature. σa.u.x12Pos was evaluated as 0.0187 in
Sect. 5.2.1 and is negligible, so that

σa.u. ' σa.u.
x

(4)
chicane

(Eb)
' 0.365 . (5.14)

σa.u.
x

(4)
chicane

(Eb)
can be understood as the normalized beam energy resolution of the 4-magnet

chicane. Accounting for the correspondence between normalized and unnormalized vari-
1If only X-position and X-tilt measurements are taken into account, less precise results are obtained,
see also the discussions in Sect. 5.3.4.1.



5.3 ESA Magnetic Chicane 81

Figure 5.11: Left: Normalized position x4Pos after subtraction of the jitter and the
position x12Pos, for an energy scan with magnet current of +150 A. Right:
Difference between x(4)

chicane(Eb) and x12Pos.

ables, we conclude

σMeV

x
(4)
chicane

(Eb)
= σEb = 0.365 · 200/3 = 24.3 MeV

→ σEb
Eb

= 24.3 MeV
28.5 GeV = 8.5 · 10−4 . (5.15)

If only the X-positions and X-tilts of BPMs 1, 2, 3 and 5 are taken into account,
x

(4)
jitter is less precise and the energy resolution becomes σEb/Eb ' 8.9 · 10−4. This value

is close to that in Eq. (5.15), which means that the variables yPos and yTilt have no
strong impact on x(4)

jitter and, hence, on the energy resolution.

In principle, σEb/Eb can be estimated in a complementary way. Since x(4)
chicane(Eb)

= x4Pos - x(4)
jitter, the resolution of x(4)

chicane(Eb) is equivalent to the resolution of the
difference (x4Pos - x(4)

jitter). Figure 5.12 shows this difference for a run with zero magnet
current. For this case, (x4Pos - x(4)

jitter) is expected to be zero for every bunch, but
the resulting standard deviation is non-zero. Interpreting this non-zero value as the
resolution of (x4Pos - x(4)

jitter), respectively, x
(4)
chicane(Eb) and accounting for the dispersion

x
(4)
chicane(Eb) ' 5 mm in the mid-chicane, Eq. (5.1) becomes

σ
x

(4)
chicane

(Eb)

x
(4)
chicane(Eb)

= σEb
Eb

= 2.3 µm
5 mm = 4.6 · 10−4 . (5.16)

This result is considerably better than that in (5.15). Possible reasons for the dif-
ference might be some non-demagnetization after switching off the magnets and/or a
non-equal to 1 value of β in Eq. (5.9). In fact, if a rotation of BPM 4 with respect to the
dipole field by an angle θ exists, the effective offset at the mid-chicane is 5 mm · cos θ
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Figure 5.12: Difference between x4Pos and x(4)
jitter for a zero-current run. x(4)

jitter is calcu-
lated using the parameters from the minimization procedure as described
in Sect.5.3.2.

and the error on the relative beam energy measurement becomes

σEb
Eb

= 2.3 µm
5 mm · cos θ > 4.6 · 10−4 , (5.17)

which points into the right direction.

5.3.5 X- and Y-Position Coupling
In analogy to X-jitter determination, it is possible to estimate the jitter in Y-direction,
y

(4)
jitter, and, after subtraction from y4Pos, y(4)

chicane(Eb) can be deduced. In Fig. 5.13,
y

(4)
chicane(Eb) is plotted against x(4)

chicane(Eb) for an energy scan. Some correlation between
X- and Y-positions is clearly visible, which reveals that β in Eq. (5.9) is definitely
different from 1. This can be caused by a rotation of BPM 4 relative to the magnetic
field as already stated in the previous section. Thus, to improve the relative beam
energy resolution, also y(4)

chicane(Eb) should be taken into account in the analysis.
One way to include y(4)

chicane(Eb) is to perform a rotation in the (X,Y)-plane. After
jitter subtraction, two new variables are defined as(

(x(4)
chicane(Eb))rot

(y(4)
chicane(Eb))rot

)
=
(

cos θ − sin θ
sin θ cos θ

)(
x

(4)
chicane(Eb)
y

(4)
chicane(Eb)

)
. (5.18)

The rotation angle θ = arctan (−0.4374) equals to the angle of the straight line in
Fig. 5.13. However, after normalization and comparison of (x(4)

chicane(Eb))rot with x12Pos,
no improvement for σEb/Eb was found when compared with the values in the previous
section. One reason could be the less precise resolution of the difference (y4Pos - y4

jitter),
which was found to be 3.2 µm compared to 2.3 µm (see Eq. (5.16) and Fig. 5.12).
Furthermore, the value of θ = arctan (−0.4374) = 23.49◦ cannot convincingly alone
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Figure 5.13: y(4)
chicane(Eb) versus x(4)

chicane(Eb) for an energy scan.

explain the difference between the two resolution values. Indeed, the amount of rotation
needed to remove the difference is

σEb
Eb

= 2.3 µm
5 mm · cos θ = 8.5 · 10−4

→ θ = arccos
( 2.3 µm

5 mm · 8.5 · 10−4

)
= 57◦ , (5.19)

which is much too large when compared to the expectation of at most some degrees.

5.4 Summary
The beam energy resolution, σEb/Eb, was measured by employing a 4-magnet chicane
in End Station A at the Stanford Linear Accelerator Center. The chicane was commis-
sioned in 2006/2007 for the experiment T474/491. The resolution σEb is understood
as the smallest variation of energy which can be measured in a reliable way by the
spectrometer. Some imperfect readings of the NMR probes in the magnets, missing
information on BPM alignment and, more important, the lack of a complementary or
redundant method for absolute Eb measurements allowed only to perform relative beam
energy determinations.
Due to large beam position jitters in the mid-chicane, a method was developed to

subtract this jitter using data from BPMs outside the chicane. The method is in general
based on the assumption that the jitter of interest can be written as a linear combination
of X- and Y-positions as well as X- and Y-tilts from the BPMs upstream and downstream
of the chicane.
In order to employ the BPMs downstream of the chicane it has to be ensured that the

upstream beam path is fully restored downstream of the chicane. Unfortunately, this
condition was not realized, probably caused by some non-demagnetization effects and
different responses of the magnets using a common current. Such shortcomings are able
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to introduce a beam offset in the BPMs downstream, which is correlated with the beam
energy. Thereby, these BPMs could not be used for beam jitter measurements and, as
a consequence, some less precise beam energy resolution is obtained.
In summary, the beam energy resolution of the 4-magnet chicane, σEb/Eb, has been

measured as

σMeV
x4Pos
Eb

= σEb
Eb

= 24.3 MeV
28.5 GeV = 8.5 · 10−4 . (5.20)

This value is larger than the request of 10−4 (or better) for the ILC, but substantial
improvements for future BPM-based spectrometers, as discussed in the thesis, indicate
that the ILC goal can be achieved.



6 Laser Compton Energy
Spectrometer

6.1 General Considerations
To fully exploit the physics at the International Linear Collider, excellent control of the
beam energy is mandatory. The device for the best candidate of this purpose is the
4-magnet chicane spectrometer of which a prototype was discussed in Chapter 3.
In Chapter 2 an overview of concepts for beam energy measurements was given, in-

cluding some experiences derived from spectrometers which were in operation. This
part of the thesis also emphasizes the importance of more than one technique to be
implemented in order to permit cross-calibration and cross-checks of precise

√
s deter-

minations. In the past, novel suggestions for beam energy measurements were proposed,
see e.g. [51], which should operate independently from the magnetic chicane.
In this Chapter we propose a novel, non-destructive method for beam energy mea-

surements using Compton backscattering of laser light off beam particles. This method
is intended to be used as a complementary determination of the beam energy in con-
junction with the BPM-chicane. An introduction of the physics of the Compton process
was given in Sect. 2.1.2, and some applications of this process for beam energy measure-
ments in the past were described in Sects. 2.2.1 and 2.2.2, verifying its feasibility and
excellent performance.
Unfortunately, the method described in these sections is, however, not practicable for

the ILC, since for each bunch crossing accumulation of large statistics is necessary, which
precludes energy measurements of single photons. Furthermore, a precise calibration of
the corresponding calorimeter is also not possible as it was realized at BESSY and
VEPP-4M, using radioactive sources of nearly monochromatic photons in the energy
range of the backscattered photons. At the ILC, the photons are in the GeV range
where precise and fast calibration is very challenging or even excluded.
Therefore, the method proposed for the linear collider has to be different and can

be summarized as follows. After crossing the electron beam with laser light, a dipole
magnet separates three types of particles: the Compton scattered photons and electrons
as well the non-interacting beam particles. Downstream of the magnet, detectors record
the position of the backscattered photons and of those electrons having smallest energy
or largest deflection. If these measurements are combined either with informations on
the integrated B-field of the magnet or with the unscattered beam particle position, the
beam energy can be deduced.
Chapter 6 is organized as follows. Section 6.2 reviews physics aspects of the Compton

process not presented in Sect. 2.1.2. In particular, aspects which are critical for our
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method are discussed. In Sect. 6.3 the general layout of the spectrometer is presented
and two novel approaches for beam energy determination are discussed in some details
in order to understand their advantages and disadvantages and the precisions achievable
for each method. In Sect. 6.4 detector options for the Compton photons and electrons
are discussed and simulation will be presented to demonstrate the feasibility and reli-
ability of the concepts proposed. Section 6.5 describes the basic requirements of the
laser system needed. In Sect. 6.6 processes beyond the Born approximation within the
laser-electron interaction region such as non-linear effects, multiple scattering, higher
order QED contributions and the Breit-Wheeler pair production background are dis-
cussed and their impact on the measurements is evaluated. This will be followed by a
general discussion and estimations of additional potential systematic errors (Sect. 6.7).
Possible locations for the energy spectrometer are summarized in Sect. 6.8 and, finally,
conclusions are given in Sect. 6.9.

6.2 The Compton Scattering Process

In Fig. 6.1 the kinematics of the Compton scattering process in the laboratory frame
is shown. Beam particles with energy Eb collide nearly head-on off laser photons with
energy Eλ, producing scattered electrons and photons of energy Ee and Eγ, respectively.
α is the collision angle between the laser and electron beam, whereas θγ is the scattering
angle of the outgoing photons. The system of reference used throughout this study
is, according to Fig. 6.1, defined in the following way: the Z-axis corresponds to the
direction of the beam particles, the X-axis lies in the horizontal or bending plane and
the Y-axis points to the vertical direction such that a right-handed coordinate system
is obtained.

Figure 6.1: Kinematics of the Compton process in the lab frame. The incoming beam
with energy Eb collides quasi head-on with laser photons of energy Eλ, pro-
ducing scattered electrons and photons of energy Ee and Eγ, respectively.
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6.2.1 Compton Cross-Section
In Sect. 2.1.2 the differential cross-section for unpolarized electrons was presented,
Eq. (2.16). The differential spin-dependent cross-section of the Compton process, ob-
tained after summing over all possible spin states of the final state particles, is in Born
approximation:

dσ

dy
= 2σ0

x

[
1

1− y + 1− y − 4r(1− r) + Peλrx(1− 2r)(2− y)
]
, (6.1)

where y is the normalized energy variable, y = 1 − Ee/Eb = Eγ/Eb, x a dimensionless
variable defined as

x = 4EbEλ
m2 · cos2 α/2 , (6.2)

Pe the initial electron helicity (−1 ≤ Pe ≤ 1), λ the initial photon helicity (−1 ≤ λ ≤ 1),
r = y/[x(1− y)] and σ0 = πr2

0 = 0.2495 barn, with r0 the classical electron radius.

Figure 6.2: Left: Compton backscattering cross-section for three polarization configura-
tions versus scattered electron energy for an infrared Nd:YAG laser at 250
GeV. Right: Compton backscattering cross-section versus beam energy for
three laser energies and unpolarized beam electrons.

The right-hand side of Fig. 6.2 shows the unpolarized Compton cross-section as a
function of the beam energy for three laser energies, Eλ = 0.117, 1.165 and 2.33 eV.
At all incident energies, the CO2 laser with Eλ = 0.117 eV provides the largest cross-
sections, while for the Nd:YAG laser (with Eλ = 1.165 or 2.33 eV) the cross-sections
are significantly smaller. For example, at 250 GeV the CO2 cross-section is more than
two times larger than the Nd:YAG laser values. We also note that for the polarization
configuration Peλ = −1, the cross-section close to the electron’s kinematic endpoint
is enhanced by typically a factor two, while for the configuration Peλ = +1, the edge
Compton cross-section vanishes. This behavior is shown in Fig. 6.2 (left), where for
the three cases, Peλ = −1, Peλ = +1 and unpolarized, the cross-section is plotted as a
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function of the Compton electron energy for the infrared Nd:YAG laser at 250 GeV. For
polarized electrons, the favored spin configuration Peλ = −1 can always be achieved by
adjusting the laser helicity λ. In this first part of the chapter, we consider fully polarized
electrons and laser photons. In Sect. 6.4.2.1, possible impact of not fully polarized beam
electron or laser on beam energy measurement will be briefly discussed.

6.2.2 Properties of the Final State Particles
Eq. (2.13) in Sect. 2.1.2 is calculated as a function of the photon scattering angle given
in the electron rest frame for α = 0. Considering a laser crossing the beam with an
angle α, the angles of the scattered photons and electrons relative to the incoming beam
direction are [52, 53]

θγ = m

Eb
·
√
x

y
− (x+ 1) , θe = θγ ·

y

1− y , (6.3)

and Eγ as a function of θγ in the lab frame and α can be written as

Eγ = Eλ ·
1 + β cosα

1− β cos θγ + Eλ(1+cos(θγ+α))
Eb

, (6.4)

with β the beam electron velocity divided by the speed of light, and α the angle between
the laser light and the incident beam. Eγ ranges from zero to some maximum value

Eγ,max = E2
b

Eb + m2

4ω0

, ω0 = Eλ · cos2(α/2) , (6.5)

with m the electron mass. Eq. (6.5) is equivalent to Eq. (2.15) for α = 0 and β → 1.
Figure 6.3 illustrates the energy and X-position of the scattered photons at a plane

located 50 m downstream of the Compton IP for three laser energies, α = 8 mrad and
Eb = 250 GeV. According to Eqs. (6.3) and (6.5), γ-rays with highest energy travel
exactly forward.
The energy of the Compton electrons is determined by energy conservation. The

maximum energy of the Compton photon is related to the minimum (or edge) energy
of the scattered electron, Eedge, via

Eedge = Eb + Eλ − Eγ,max = Eb

1 + 4Ebω0
m2

, (6.6)

if the laser energy Eλ is neglected. The electron scattering angle θe, given in Eq. (6.3),
approaches zero as θγ becomes smaller. Thus, in the region of smallest electron energy,
the region of our interest, both the scattered electrons and photons are generated at
very small angles.
After the substitution Ee = Eb − Eγ, the unpolarized Compton cross-section as a

function of the scattered electron energy for three laser energies at 250 GeV is obtained
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Figure 6.3: X-position (left) and energy (right) spectra for backscattered photons for
three laser energies, α = 8 mrad and Eb = 250 GeV. The photon position is
determined at a plane 50 m downstream of the Compton IP. In both figures
unpolarized electrons are assumed.

from Fig. 6.3 (right). The spectrum has an inverted shape, while the range is now
[Eedge, Eb] as seen in Fig. 6.4.
The CO2 laser (with an energy of 0.117 eV) provides the most pronounced edge

cross-section, while the Nd:YAG laser (with Eλ = 1.165 or 2.33 eV) cross-sections are
significantly smaller. At the electron’s edge position, both Nd:YAG lasers have cross-
sections of similar size, with edge energy values relatively close to each other.
Since one of the proposed methods for measuring the beam energy utilizes the vari-

ation of the edge energy on Eb, see Eq. (6.6), we present in Fig. 6.5 the edge energy
dependence on Eb for three laser wavelengths. As can be seen, the derivative dEedge/dEe
or the sensitivity of the edge energy on Eb decreases with increasing laser energy. In
particular for an infrared or a green laser, the sensitivity is very small, which suggests

Figure 6.4: Unpolarized Compton cross-section versus scattered electron energy for three
laser wavelengths at 250 GeV.
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Figure 6.5: Edge energy of Compton backscattered electrons as a function of Eb for a
CO2, infrared and green laser.

to employ lasers with large wavelengths, such as a CO2 laser, for this method.
From these discussions we can draw the first conclusions that are relevant for the

beam energy determinations:

• the electron edge energy, Eedge, depends on the beam energy (Eq. (6.6)), on which
one of the proposals for measuring Eb relies;

• if this method will be utilized, low energy lasers are advantageous because of large
Compton cross-section and high endpoint Eb sensitivity;

• backscattered electrons and photons are predominantly scattered in the direction
of the incoming beam;

• photons associated with the edge electrons have largest energy and point toward
θγ = 0;

• the unpolarized Compton cross-section peaks at Eedge, which results in beam en-
ergy determinations with small statistical errors;

• for polarized electrons, choose the polarization configuration Peλ = -1; the unfa-
vored configuration Peλ = +1 spoils Eb determination.

So far, the cross-section formulae and backscattered particle properties were discussed
in the Born approximation. Possible modifications due to multiple scattering, e+e− pair
background, higher order corrections and nonlinear effects were partially discussed in
[54] and are further studied in Sect. 6.6.
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6.3 Overview of the Energy Spectrometer
6.3.1 General Layout
Within the so-called single-event regime, individual Compton events originate from sep-
arate accelerator bunches. As was realized in experiments at storage rings [28, 29, 31],
see also Sects. 2.2.1 and 2.2.2, recording the maximum energy of the scattered photons
enabled to determine the beam energy.

Figure 6.6: A scheme of the proposed energy spectrometer based on Compton backscat-
tering.

The experimental conditions at the ILC with large bunch crossing frequencies and
high particle intensity require to operate with short and intense laser pulses so that high
instantaneous event rates are achieved. As a result, the detector signals for a particular
bunch crossing correspond to a superposition of multiple events. In such a regime, the
measurement of the energy of a single photon cannot be realized and the signal will be
an energy weighted integral over the photon spectrum covered by the angular acceptance
of the detector. The number of Compton interactions should, however, be adjusted such
that neither the incident electron beam will be disrupted nor the Compton event rate
degrades the performance of the detectors. Discussions on possible detector solutions
will be given in Sect. 6.4.
The concept of a possible Compton energy spectrometer is shown in Fig. 6.6. Down-

stream of the laser crossing point, a bending magnet is positioned which is followed
by a dedicated particle detection system. This system has to provide precise position
information of the backscattered photons and electrons close to the edge and, employing
an alternative method, the position of the unscattered beam.
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The vacuum chamber between the Compton IP and the detector plane needs some spe-
cial design to accommodate simultaneously the trajectories of the photons, the deflected
backscattered electrons and the non-interacting beam particles. In order to ensure large
luminosity, the crossing angle should be very small and to protect optical elements from
synchrotron radiation (present mainly in the horizontal plane) a vertical beam crossing
is suggested.
To maximize the eγ luminosity, the crossing angle α should be small, in our case

8÷ 10 mrad, and the laser spot should be larger than the horizontal electron beam size,
which is expected to be in the range of 10 ÷ 50 µm within the beam delivery system1.
For a well aligned laser it should be practicable to keep possible horizontal and vertical
relative displacements of the electron and laser beams small enough, so that permanent
overlap is ensured even in cases of beam position jitter.
The dipole magnet located about 3 m downstream of the crossing point separates the

particles coming from the IP into the undeflected backscattered photons, the Compton
electrons and the beam particles with smallest bending angle. The B-field integral should
be scaled to the primary beam energy, so that beam particle deflection occurs always at
the same angle (typically 0.5÷1 mrad). Thus, one BPM with fixed position is sufficient
to record the beam line position at all energies. The photon detector is located in the
direction of the original beam, while the electron detector has to be adjusted horizontally
according to Compton scattering kinematics and the magnetic field.
At ILC energies, Compton scattering with typical continuous lasers in the 1 ÷ 10

Watt range takes some fraction of an hour to collect enough statistics for precise Eb
determination. Thus, in order to perform bunch-to-bunch energy measurements the
default laser system should be a pulsed laser with a pattern that matches the specific
pulse and bunch structure of the ILC, i.e. at 250 GeV an inter-bunch spacing of ∼300
ns within 1 ms long pulse trains at 5 Hz. In order to collect typically 106 Compton
events per bunch crossing2, the pulse power of the CO2 laser should be about 1 mJ
3, while for an infrared laser with Eλ = 1.165 eV, the smaller Compton cross-section
will be compensated by a smaller spot size and a power of 30 mJ. A laser in the green
wavelength range with 2.33 eV photon energy requires a pulse power of 24 mJ for 106

Compton interactions. For Z-pole running, the laser power can be somewhat smaller
(since the Compton cross-section is higher), but it has to be increased for upgraded 1
TeV runs. Since at present lasers with such properties are not commercially available,
R&D is needed to achieve the objectives, see e.g. [55, 56].
The choice of a suitable laser system is determined by several constraints. Basically,

lasers with large wavelengths such as a CO2 laser provide high event rates due to large
Compton cross-sections and best beam energy sensitivity of the endpoint position (see
Fig. 6.5). Lasers in the infrared region such as Nd:YAG or Nd:YLF lasers, however,
provide at present a better reliability, in particular with respect to the bunch pattern
and pulse power [56] and would relax geometrical constraints of the spectrometer setup

1The vertical beam size is much smaller and will not exceed few micrometers, resulting in horizon-
tal/vertical aspect ratio of typically 10÷ 50 within the BDS of the ILC.

2106 Compton events are sufficient to perform bunch-to-bunch measurements, as it will be shown in
Sects. 6.3.2 and 6.3.3

3The laser power estimation assumes electron and laser beam parameters as discussed in Sect. 6.5
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due to substantially smaller electron edge energies ( see Fig. 6.4). Green laser R&D
is ongoing within the ILC community to develop laser-wire diagnostics [57] and high
energy polarimeters [52].
Figure 6.7 shows for three wavelengths and a particular setup (beam bending angle of

1 mrad and a detector 25 m downstream of the magnet) the horizontal or X-position of
the Compton electrons at Eb = 250 GeV. The position of electrons with highest energy
coincides with the beam line position independent of the laser, whereas the positions of
the edge electrons with largest deflection are very distinct. Edge positions are smaller
for larger laser wavelengths. For a CO2 laser at Eb = 45.6 GeV, the edge electrons
are separated by only 2.2 mm from the beam line, while they are displaced from the
backscattered γ-rays by about 2.6 cm. Such space conditions would prevent the use
of a CO2 laser for Z-pole calibration runs. An increased B-field and/or a larger drift
distance could somewhat relax the situation.

Figure 6.7: Scattered electron positions for Eb = 250 GeV, a B-field of 0.28 T and three
laser energies. The detector is placed 25 m downstream of the spectrometer
magnet. Since the transformationX ∝ 1/E, the peak height of the Compton
edge is reduced. For an infrared or a green laser it is not even visible anymore.

Lasers in the green or infrared wavelength region have some disadvantages. As already
pointed out, they provide smaller Compton cross-sections and hence smaller event rates,
which might only be compensated by higher laser power and/or smaller but limited
spot sizes. Also, the smaller sensitivity of the edge position on Eb (Fig. 6.5) and the
generation of additional background at large

√
s due to e+e− pairs from Breit-Wheeler

processes4 might disfavor their application. As soon as the variable x of Eq. (6.2) exceeds
4.83, which is for example the case at 250 GeV and a green laser, e+e− pair production
is kinematically possible5. Whether this source of background can be tolerated will be
studied in Sect. 6.6. Some of the disadvantages discussed are of less relevance if an
alternative method, method B, will be employed for beam energy determination.

4These are γ − γ interactions, where one γ stems from the Compton process and the other from the
laser.

5The threshold of e+e− pair creation is EmEλ = m2c4, with Em = x · Eb/(x + 1), which gives
x = 2(1 +

√
2) ' 4.83.
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In Sects. 6.3.2 and 6.3.3 two possible options of the layout described here will be
illustrated. The first option, denoted as method A, is based on the determination of
the electron edge energy measuring the distance Xedge − Xγ (see Fig. 6.6), the B-field
integral and the magnet-detector distance. From the value of Eedge and using Eq. (6.6)
the beam energy can be calculated. The second method, method B, relies on measuring
Xedge, Xbeam and Xγ, from which it is possible to calculate the beam energy.

6.3.2 Method A
One approach to measure the ILC beam energy by Compton backscattering relies on
precise electron detection at the kinematic endpoint. In particular, endpoint or edge
energy measurements are performed, from which via Eq. (6.6), the beam energy is ac-
cessible. In particular, the Compton edge electrons are momentum analyzed by utilizing
the dipole magnet and recording their displacement downstream of the magnet.
The conceptual detector design consists of a component to measure the center-of-

gravity of the Compton backscattered γ-rays6 and a second one to measure the position
of the edge electrons. The distance D of the center-of-gravity to the edge position and
the well known drift space L between the dipole and the detector determine the bending
angle Θ of the edge electrons, which, together with the B-field integral, fixes the energy
of the edge electrons:

E = c · e
Θ

∫
magnet

Bdl ' c · e · L
D

∫
magnet

Bdl . (6.7)

Here, c is the speed of light and e the charge of the particles7. Thus, for sufficient large
drift space the edge electrons are well separated from the Compton scattered photons
which pass the magnet undeflected.
A demanding aspect of this approach is the precision for the displacement, ∆D, which

is related to the beam energy uncertainty as

∆Eb
Eb

=
(

1 + 4ω0Eb
m2

)√√√√(∆B
B

)2

+
(

∆L
L

)2

+
(

∆D
D

)2

. (6.8)

This relation follows from Eqs. (6.5), (6.6) and

∆Eedge
Eedge

= Eedge
Eb
· ∆Eb
Eb

(6.9)

as well as (
∆Eedge
Eedge

)2

=
(

∆B
B

)2

+
(

∆L
L

)2

+
(

∆D
D

)2

(6.10)

6The center-of-gravity of the backscattered photons resembles precisely the position of the original
beam at the crossing point.

7Eq. (6.7) is equivalent to Eq. (2.19), where
∫

magnet

Bdl is replaced by the product Bl, with l the length

of the magnet, (L+ l/2) ' L and the energy expressed in GeV.
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Figure 6.8: Beam energy uncertainty as a function of the error of the edge electron
displacement for the green (dotted curve), infrared (dashed curve) and CO2
laser (full curve) for three beam energies and three drift spaces.

together with D = Θ · L from the geometry of the setup. Synchrotron radiation effects
on ∆Eb/Eb, estimated to be significantly smaller than any term in (6.8), were omitted.
One notices from Eq. (6.8) that smallest beam energy uncertainties are achievable for

lasers with large wavelengths, such as a CO2 laser.
For the error calculation it is important to remark that increasing

∫
magnet

Bdl (respec-

tively the bending angle Θ), or increasing the distance L is equivalent. Since the choice
of Θ is limited by the beam emittance growth, it is appropriate to fix its value and vary
L. Thus, assuming a relative error of the field integral of 2·10−5 and for ∆L/L = 5·10−6,
Fig. 6.8 displays ∆Eb/Eb as a function of the error of the displacement ∆D for the three
beam energies, three laser wavelengths and three values of L. The B-field integral is
scaled such that the bending angle for the beam particles is 1 mrad at all energies.
From Fig. 6.8 some basic conclusions can be drawn. As already noted, a laser with

larger wavelength provides a smaller error compared to lasers with smaller wavelength.
Increasing the drift distance reduces ∆Eb/Eb, while higher beam energies increase the
error. The accuracy needed for the displacement should not exceed few micrometers
for the CO2 laser if L=50 m, for all Eb values. For ∆D ∼ 1 ÷ 3µm, the error of the
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Figure 6.9: Sketch of the scattered electron position distribution near Xedge. The step
function is convoluted with a Gaussian which contains all possible smearing
effects. The resulting distribution is described by the dashed line.

displacement is the dominant contribution to the beam energy uncertainty, thus a better
knowledge of ∆B/B of e.g. 1 · 10−5 provides only minor improvements at all energies.
In the present BDS [58], free drift space allows for lever arms of about 25 m. For

such a drift distance, infrared and green lasers provide at 250 and 500 GeV ∆Eb/Eb
values greater than 10−4 even for a perfect displacement measurement (∆D = 0), i.e.
for measurements with infinite statistics and no systematics errors. In this case the
dominant contribution to the error of the beam energy comes from the uncertainty of
the integrated B-field.
Since the displacement is determined by the center-of-gravity of the recoil γ-rays and

the position of the electron edge, the displacement error ∆D is given by the correspond-
ing uncertainties as

√
∆X2

γ + ∆X2
edge, where ∆Xγ and ∆Xedge are the errors of Xgamma

and Xedge, respectively, including statistical and systematic contributions.
Figure 6.9 illustrates the shape of the scattered electron position distribution near

Xedge. Close to the edge, the ideal distribution is represented by a step function which
has to be convoluted by a Gaussian to account for possible smearing effects due to, for
example, the finite beam energy spread, beam size and detector resolution, shown by
the dashed line. Hence, the statistical error of Xedge can be estimated as

∆Xstat
edge =

√√√√ 2 · σXedge
dN
dx

(Xedge)
, (6.11)

where dN/dx is the scattered electron density at the detector plane and σXedge the width
of the edge. After passing the spectrometer magnet the edge electrons are displaced from
the beam electrons by an amount of A · 4ω0/m

2, with A ∝ L ·
∫
Bdl and ω0 as given in

(6.5) (see also Eq. (6.15)), with a width very close to that of the beam at the detector
plane. σXedge is uniquely determined by linac parameters such as beam size, energy
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spread, divergence, etc. With A ∝ L ·
∫
Bdl ∝ L · Eb, we obtain

σXedge '

√√√√σ2
x +

(
A

Eb
· σEb
Eb

)2

=
√
σ2
x +

(
C · L · σEb

Eb

)2
, (6.12)

with σx the horizontal bunch size at the detector plane and σEb/Eb the relative energy
spread of the beam and C a constant. Eq. (6.12) does not involve laser parameters
because their contributions are much smaller or negligible.
Using beam values as discussed in Sect. 6.4, σXedge is estimated to be in the range of

70 ÷ 90 µm. In our approach, the edge distribution is assumed to be described by a
convolution of a Gaussian with a step function, however any other ansatz can be used.
For 106 Compton scatters, ∆Xedge turns out to be in the order of 6 µm for an infrared

laser, so that together with ∆Xγ = 1 µm (Sect. 6.4), the displacement error is close to 7
µm, and somewhat larger for a green laser. Therefore, if the approach illustrated in this
section is followed, the use of a CO2 laser is favored and excludes (with high confidence)
operation of lasers with smaller wavelengths.
A peculiar problem which we have to account for is the amount of synchrotron radia-

tion generated when the beam electrons pass through the dipole magnet and its possible
impact on precise position measurements. This will be discussed in Sect. 6.4.

6.3.3 Method B
Beam and Compton scattered electrons with energy E propagate to the detector such
that their transverse position is well approximated by

X(E) = X0 + A

E
, (6.13)

where A ∼ L ·
∫
Bdl and X0 the position of the original beam line extrapolated to the

detector plane, which is given by the center-of-gravity of the backscattered γ-rays, Xγ.
Note that in (6.13) small effects related to synchrotron radiation are omitted.
According to Eqs. (6.6) and (6.13), the positions of the beam and edge electrons can

be expressed as

Xbeam ≡ X(Ebeam) = Xγ + A/Ebeam (6.14)

Xedge ≡ X(Eedge) = Xbeam + A · 4ω0

m2 . (6.15)

Hence, the beam energy can be deduced from

Eb = m2

4ω0
· Xedge −Xbeam

Xbeam −Xγ

. (6.16)
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Thus, instead of recording the energy of the edge electrons, the beam energy can be
accessed from measurements of three particle positions, the position of the forward going
backscattered γ-rays, the position of the edge electrons and the position of the beam
particles. The positionXbeam can be measured by a beam position monitor (BPM), while
recording Xedge and Xγ needs dedicated high spatial resolution detectors very similar to
the demands of method A. Besides the limitation to a CO2 laser for the concept of edge
energy measurements (method A), the demand of 2·10−5 for the field integral uncertainty
is rather challenging, and less stringent requirements would be of great advantage. In
method B, Eb determination does not depend on the field integral, the length of the
magnet as well as the distance to the detector plane. In particular, the independence on
the integrated B-field only requires a rather a coarse ∆B/B monitoring. It is, however,
necessary to ensure that both the beam and the edge electrons have to pass through
the same B-field integral, i.e. the magnetic field has to be uniform across the large
bending range. Also, the distance Xedge −Xbeam in (6.16) which involves as a product
the integrated B-field and the sum of the drift distance and the length of the magnet
[59], does not depend on the beam energy. Possible variations of this distance may only
be caused by rather slow processes of environmental nature. Thereby, by accumulation
of many bunch related Xedge − Xbeam measurements, high statistical precision can be
achieved for this quantity. This implies the option to operate the spectrometer with
lasers of less pulse power, which is of great advantage since the laser pulse power is a
critical issue for method A. The novel approach of recording three particle positions (the
three-point concept) seems therefore to be a very promising alternative8.
Also, Eq. (6.16) reveals that due to the proportionality between the beam energy and

the distance Xedge −Xbeam, which is larger as smaller the wavelength of the laser, best
beam energy values are obtained for high energy lasers, a situation which is opposite to
that of method A.
The precision of the beam energy can be estimated as

∆Eb
Eb

= Xedge

Xedge −Xbeam

(
∆Xedge

Xedge

)
⊕

⊕ Xedge

Xedge −Xbeam

(
∆Xbeam

Xbeam

)
⊕ ∆Xγ

Xbeam

. (6.17)

Here the three terms have to be added in quadrature. Assuming for the crossing angle
8 mrad and (achievable) values for ∆Xbeam = 1 µm and ∆Xγ = 1 µm, expected beam
energy uncertainties are shown against the edge position error, ∆Xedge, for the CO2,
infrared and green lasers in Fig. 6.10, in analogy to Fig. 6.8. Drift distances of 10, 25
and 50 m and beam energies of 50, 250 and 500 GeV are supposed. The error on the
beam energy increases for decreasing drift distances and beam energies. Furthermore, a
laser with smaller wavelength is favored, since a CO2 laser exceeds the value of 10−4 for
∆Eb/Eb very quickly. Considering in particular the case of 250 GeV beam energy and 25
m drift distance, one notices that even for a perfect Xedge determination (∆Xedge = 0),

8Also, vice versa, knowing Xedge − Xbeam with high precision, the B-field integral can be deduced
with similar accuracy.
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Figure 6.10: Beam energy uncertainty as a function of the edge position error for the
green (dotted curve), the infrared (dashed curve) and the CO2 laser (full
curve) for three beam energies and drift spaces.

Beam Energy (GeV) 50 250 500
Distance L (m) 25 50 25 50 25 50
∆Xedge (µm) 5 6 10 15 15 24

Xedge
Xedge−Xbeam

(
∆Xedge
Xedge

)
(ppm) 111 66 44 33 33 26

Xedge
Xedge−Xbeam

(∆Xbeam
Xbeam

)
(ppm) 62 31 44 22 42 20

∆X0
Xbeam

(ppm) 40 20 40 20 40 20

Table 6.1: The individual contributions (in parts per million) of the three terms in
Eq. (6.17) for a green laser, for two drift distances, three beam energies and
different values of ∆Xedge. Values for ∆Xbeam = 1 µm and ∆Xγ = 1 µm are
assumed.

the beam energy uncertainty for a CO2 laser is larger than 10−4.
Table 6.1 collects the contributions of the three terms of Eq. (6.17) for two drift



100 Laser Compton Energy Spectrometer

distances and three beam energies. The laser used is a green laser and ∆Xbeam =
∆Xγ = 1 µm is assumed. Since the statistical fraction of ∆Xedge is varying as functions
of energy and drift distance as well (see Eq. (6.11)), different values for ∆Xedge were
accounted for. These values are given by the geometrical sum of the statistical error
from Eq. (6.11) and a systematic error of 4 µm which is assumed to be independent on
the drift distance and beam energy.
As can be seen, the beam energy accuracy for 25 m and 50 GeV results in 133 ppm,

which somewhat exceeds the limit of 100 ppm. Improvements are possible by choosing
a larger distance or, equivalently, a higher B-field integral or more statistics. At higher
beam energies, the energy uncertainties are well below the anticipated limit.

6.4 Detector Options and Simulation Studies
The detector assembly is assumed to be located at least 25 m downstream of the magnet.
Since we plan to operate the spectrometer with an energy independent fixed bending
angle of 1 mrad, the distance of the backscattered γ-ray centroid to the beam line 25 m
downstream of the dipole is 26 mm for all Eb values, while the displacement of the edge
electrons depends on Eb and Eλ. This displacement in the range of a few centimeters
to about a quarter of a meter requires high stability of the detector assembly and its
adjustment to micrometer accuracy. Therefore, the individual detector components
should be connected rigidly and installed on a vibration damped table that can be
moved horizontally (and vertically) and controlled with high precision.
After leaving the vacuum chamber, the Compton scattered electrons near the edge

traverse a position sensitive detector with high spatial resolution. We propose to em-
ploy either a diamond micro-strip or an optical quartz fiber detector. Such detectors,
frequently applied in particle physics experiments, have demonstrated their ability to
achieve 1÷ 10 µm spatial resolution within an intense radiation field, see e.g. [60, 61].

6.4.1 Photon Detection
The center-of-gravity of the Compton γ-rays might be recorded by employing one of
the two following concepts. One concept consists in measuring high energy electrons
and positrons from photon interactions in a converter placed closely in front of the
tracking device. According to simulations, a tungsten converter9 of sufficient radiation
lengths seems to be suitable. Compton backscattered photons will be affected inside
the converter by several processes, creating an electromagnetic shower. The particles
leaving the converter (electrons, positrons and photons) have a spatial distribution with
a center-of-gravity which is expected to coincide with that of the original backscat-
tered photon burst. Such a scheme constitutes some trade-off between large conversion
rates and accurate photon position determinations, which might be altered by multiple

9Tungsten with its large atomic number of 74 and high density of 19.3 g/cm3 is an attractive material
for small converters. However, pure material is difficult to cast or machine, but powder metallurgy
processes can produce a sintered form of tungsten, with a density only slightly below that of the
pure metal.
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scattering of the forward collimated e± particles within the converter. As a position
sensitive detector a quartz fiber detector similar to that for edge position measurements
is proposed and, as simulation studies revealed, sub-micrometer precisions of the orig-
inal photon position are achievable. In a quartz fiber detector, the signal is generated
by Cerenkov photons emitted by charged particles with energy above some threshold
value.
Together with backscattered Compton photons, synchrotron radiation will be gen-

erated by electrons passing through the magnet. For the magnet as described in [13],
about five photons per beam particle with an average energy of 3.8 MeV are generated
with an energy spectrum that peaks below 1 MeV, resulting in a total number of 1011 γ’s
per bunch. They are concentrated within the cone of the forward produced Compton
scattered photons and the bent beam. If a tungsten converter of e.g. 16 radiation lengths
(X0) in front of the Xγ detector is inserted, it also serves as an effective shield against
SR. However, the huge amount of such photons (plus a minor fraction from Compton
scattered electrons) may preclude perfect SR protection. Possible low energy electrons
and positrons from SR showers are expected to enter the detector and could modify the
response and eventually the center-of-gravity of the primary Compton photons. The
impact of this background (together with machine related background) has to be taken
into account in procedures of precise Xγ determinations. Properties of particles leaving
the converter and prescriptions addressed to eliminate center-of-gravity distortions are
discussed in Sect. 6.4.2.
The converter is assumed to have a cross-section of 2× 2 cm2 and a length of 16 X0.

The transverse dimension of the converter is mainly dictated by the small displacement of
the beam particles 25 m downstream of the spectrometer magnet. A converter of e.g. 26
X0 with more efficient SR removal results in some less precise γ-centroid measurements
and is considered to be less favored.
A completely different way to record the undeflected beam position relies on moni-

toring the edge of SR light at X = 0, without a converter in front of the position device.
Dedicated and novel SR devices were suggested in [51]. In this thesis, it is proposed to
employ an avalanche detector with gas amplification. SR light which passes a 10 × 10
mm2 entrance window of 1 mm beryllium10 generates an avalanche in xenon gas at 60
atm over a range of 1.5 mm, the gap between the anode and cathode. The transverse
size of the avalanche is expected to be close or below 1 µm, and due to the amplifica-
tion process, a large number of electrons is produced and generates a sufficiently strong
output signal [51]. The anode plane of the detector consists of 1 µm nickel layers with 2
µm dielectric separation in between. Such a geometry matches very well the transverse
size of the avalanche and permits sub-micrometer access of the position of the SR edge.
Since no converter is needed in this scheme, the 106 high energy Compton photons are
now background. Their impact on the accuracy of the SR edge is negligible as will be
shown below.
Discussions on whether recording the incident beam position by means of SR is su-

perior to the conventional converter approach are also included in this section.

10 The beryllium foil also acts as the high-voltage cathode plane.
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6.4.2 Simulation Studies
A full Monte Carlo simulation based on the GEANT toolkit [62] 11 has been developed
to analyze the basic properties of the Compton spectrometer and to evaluate design
parameters for the detectors. Bunches of 2 ·1010 electrons are colliding with unpolarized
or circular polarized infrared or green laser pulses of 10 ps duration by a generator inside
the program12. The generator accounts for an internal electron bunch energy spread of
0.15% which is slightly larger than the values given in [9]13, a transverse bunch profile of
50 µm and 5 µm in horizontal, respectively, vertical direction and a 300 µm extension
along the beam direction, all of Gaussian shape. Such input parameters are in accord
with ILC beam properties within the BDS. A high-power pulsed laser with either Eλ =
1.165 eV or 2.33 eV is focused onto the incident beam with a crossing angle of 8 mrad.
Also, perfect laser pointing stability and instantaneous laser power are assumed. As
default event rate, 106 Compton scatters are generated for single bunch crossing.
Compton recoil electrons and photons as well as non-interacting beam particles are

tracked through the spectrometer and recorded by the detectors. The magnet provides
a fixed bend of 1 mrad for all beam energies anticipated. At the nominal energy of 250
GeV, the B-field integral corresponds to 0.84 T·m for a magnet length of 3 m. Syn-
chrotron radiation is also taken into account. The position sensitive detectors which
perform Xγ, Xbeam and Xedge measurements are located 25 m downstream of the spec-
trometer magnet.

6.4.2.1 Xedge Determination

For the edge electrons, we assume either a diamond strip or a quartz fiber detector14.
Both detector options have a transverse size of 1×1 cm2. For the 300 µm thick diamond
detector a pitch of 25 µm and a strip width of 10 µm were chosen. Possible crosstalk
was also considered. When passing through a thin layer of matter, charged particles lose
energy according to a distribution with a long tail at high energies (similar to a Landau
distribution). Thereby, in rare cases the electron transfers a large amount of energy
within the sensor which implies a large charge signal. A code based on GEANT has been
written that simulates all physical processes taking place in the diamond strip detector
(DSD) and calculates the energy deposited along the particle track in the detector15.
The resulting deposited energy is used to weight each electron and, after summation over

11At the beginning of the study GEANT3 (version 3.21/14) has been used, while later on GEANT4
(version 4.8.2) was implemented.

12Operating with a CO2 laser requires larger free drift space than available in the present BDS. There-
fore, no simulation results are presented for this case.

13 The ILC Reference Design Report lists for the relative energy spread 0.14 and 0.10% for the electrons,
respectively, positrons. The larger value for the electrons is due to their passage through a long
undulator.

14Due to the expected large radiation dose, a silicon strip detector will not be considered here unless
very radiation hard Si detectors become available.

15In general, the charge signal depends on the energy deposited along the track rather than the energy
loss. Some of the energy lost by the particle is carried away by secondary electrons or by Cerenkov
radiation.
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Figure 6.11: Diamond strip detector response for the green (left) and infrared laser
(right).

Figure 6.12: Quartz fiber detector response for the green (left) and infrared laser (right).

all entries in a given channel, the total signal is shown in the corresponding Fig.6.11 for
the green (left) and infrared (right) laser.
For the quartz fiber detector (QFD), Compton electrons are measured by a single

layer of 50 µm square fibers. A cladding thickness of 5 µm on each side results in an
active fiber core of 40 µm. Crosstalk was considered to be negligible. Since only a
fraction of typically a few percent of the light produced in the fibers is trapped and
transported to the light detector, the small probability to detect a minimum ionizing
particle is to great extent compensated by the large number of electrons traversing a
single fiber. Therefore, despite a small single-particle light yield, a detection efficiency
for individual fibers of 100% was assumed.
The quartz fiber response was simulated by counting the number of Cerenkov photons

generated by each electron along its path through the detector. The sum over all such
photons within a fiber is proportional to the output signal and is plotted in the Fig. 6.12
for the green (left) and infrared (right) laser.
As can be seen, the expected sharp edges of the spectra are somewhat diluted, mainly
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due to the energy spread of the beam particles and the beam spot size. The edge
positions of the spectra were obtained by a fit of an ansatz which results from a step-
function plus a (uniform) background folded by a Gaussian as proposed in e.g. [28, 29,
31]:

G(x, p1, p2, ..., p6) =1
2(p3 + p4(x− p1)) · erfc

[
x− p1√

2p2

]

− p2p4√
2π
· exp

[
(x− p1)2

2p2
2

]
+ p5 + p6(x− p1) . (6.18)

The edge position p1, the edge width p2, the amplitude of the edge p3, the slope p4,
the background level p5 and its slope p6 were treated as free parameters. Assuming p5 =
p6 = 0 in our particular case, the errors of the edge positions were found in the range of
5 to 15 µm, with values of 6 and 7 (12 and 14) µm for the infrared (green) laser. These
numbers are in accord with the endpoint position demands shown in e.g. Fig. 6.10 and
Tab. 6.1 for the approach of recording three particle positions, Xγ, Xbeam and Xedge.
It is also evident that method A based on direct edge energy measurements (by means
of precise B-field integral and edge displacement information) seems to be not-favored:
precisions of edge electron displacements of a fraction of a micrometer up to only few
micrometers (see Fig. 6.8) are difficult to achieve without additional effort.
In principle, beam polarization may affect the endpoint p1 which might be coupled

with the slope of the energy spectrum p4 in the vicinity of the edge position as indicated
in Fig. 6.2. By Compton simulation of 80% polarized electrons of 250 GeV with circular
polarized infrared laser light we found that the edge position differs by less than 1
µm with respect to the case of unpolarized electrons. Thereby, Compton scattering of
polarized beams will not noticeably modify p1 and hence the beam energy measurement.
The assumption of a Gaussian internal energy spread rest on ongoing machine design

studies. As long as collective effects as intra beam scattering (IBS) or interactions with
the vacuum chamber impedance are negligible, the energy spread is expected to be of
Gaussian shape. Since at present a final design of the vacuum chamber to minimize
the beam impedance and IBS effects is not completed a realistic shape of the energy
distribution is missing. Deviations from a Gaussian, if any, are however expected to be
small [63]. Preliminary accelerator simulations reveal that the energy spread is close to
a Gaussian distribution [64] and support our assumption. This holds for the electrons
as well as the positrons despite different sizes of the relative energy spread. If it will be
demonstrated by measurements that the energy spread is not Gaussian distributed, the
fitting function (6.18) has to be modified accordingly.
As estimated in [13], the radiation dose for both detectors is well below the tolerance

limits.

6.4.2.2 Xγ Determination

As already introduced in Sect. 6.4.1, within one approach of measuringXγ, the center-of-
gravity of the Compton scattered γ-rays is inferred indirectly via conversion to electrons
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and positrons within a 16 radiation lengths tungsten converter. When entering the
converter, the photons are concentrated within a spot of approximately 250 µm r.m.s.,
a size which is dominated by the ∼1/γ angular distribution of the Compton process.
After a first estimate of the thickness of the converter, a full simulation of the 56 mm
long conversion material has been performed. In particular, the process of converting
the 106 Compton photons together with the SR photons along with the trajectories of
the resulting electrons and positrons through the converter and into the fiber detector
was simulated. Despite the small transverse extension of the converter, the core of
the shower particles caused by Compton photons is assumed to maintain the initial γ-
centroid position (being at X = 0 in the simulation). Directly after the converter the
quartz fiber detector array of 50 µm fibers has been placed in order to measure the
e± shower particles from which the γ-centroid position has to be deduced. Figure 6.13
(left) shows the number of charged particles escaping the converter as a function of X,
while their energy behavior is shown on the right-hand side16. The spectra indicated as
’Signal’ are e± particles from Compton photons, whereas those marked as ’Background’
are from synchrotron radiation. We expect 1.5 ·108 charged particles from 106 Compton
events, with an average energy of 25.8 MeV. Their density distribution, dN/dx, clearly
peaks at X = 0.

Figure 6.13: Left: Number of charged particles escaping the 16 radiation lengths tung-
sten converter as a function of X. Right: Energy distribution of charged
particles escaping the converter. The ’signal’ spectra are normalized to 106

Compton scatters, while the ’background’ spectra are normalized to 2 ·1010

beam particles within a bunch.

Besides charged particles, photons also escape the converter. They are either gener-
ated within electromagnetic showers from Compton scattered and SR γ-rays or are SR
photons which pass the converter without interaction. A fraction of less than 2% of the
original SR yield with an average energy of 3.9 MeV survives. Their dN/dx and energy
spectra are shown in Fig. 6.14.
For the position sensitive Xγ device, a single layer of quartz fibers is assumed with

properties identical to those for the edge electron detector. Basically, this detector
16 Analogous spectra are obtained for the vertical direction as well as if the infrared laser is replaced

by the green laser.
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Figure 6.14: Left: Number of SR γ-rays which escape the 16 radiation lengths tungsten
converter as a function of X. Right: Energy distribution of SR γ-rays es-
caping the converter. Both spectra are normalized to 2 ·1010 beam particles
within a bunch.

should have a large sensitivity to charged particles from pair production of Compton
photons within the converter and ’blind’ with respect to background (SR) γ-rays. In
Fig. 6.15 the response function of the detector in terms of the amount of Cerenkov light
generated from all e± particles within a fiber is shown together with the result of a
fit. The fit result is based on a two-step procedure. First, due to a priori unknown
precise γ-centroid position, Xγ is approximately determined by a simple algorithm [65],
which fixes the peak position within about ±25 µm. Then, selecting a fitting range of
some ±600 µm around this preliminary centroid, an empirical fit of the sum of three
Gaussians and the step function in Eq. (6.18), with p4 = p6 = 0, provides the ultimate
peak position of Xγ = -0.47 ±0.54 µm with a χ2/NDF = 16.59/14, corresponding to
27.8% probability17.
The fit range chosen excludes particles which are less sensitive to the peak position

but sensitive to the background. The peak value found is in good agreement with the
expectation of zero and its error is less than the anticipated limit of ∼1 µm. The
distribution in Fig. 6.15 is the response of all escaping e± particles generated from 106

Compton photons and the appropriate fraction of SR, after normalization to 2·1010 beam
electrons. The latter causes a slight asymmetry with respect to X = 0 and is the reason to
include the step function within the fit. As a consequence, a rather complicated response
behavior is obtained and after some trials the spectrum was reasonably described by the
selected ansatz. If instead of a 50 µm fine segmented detector an array of 100 µm quartz
fibers is utilized the centroid position and its error are found to be in agreement with the
values quoted above. Irrespectively of the details for the final design of the converter-
fiber detector system, this option seems to be capable to meet the requirements, in
particular if instead of only one fiber layer several layers with some staggering are
employed.
A different approach to record the incident beam direction consists of using a SR edge

17 If the fit is performed with the sum of only two Gaussians and the step function, the χ2/NDF is
significantly worse.
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Figure 6.15: Cerenkov light response of all charged particles passing the quartz fiber
detector. The curve is the result of a fit of the sum of three Gaussian
distributions and the step function in Eq. (6.18) with p4 = p6 = 0.

Figure 6.16: Left: Response function of the avalanche SR edge detector for all signal
and background photons. Right: Response function of the same detector
for only SR signal photons. The curves are the results of a fit of Eq. (6.18)
supplemented by an additional background tail.

detector. The avalanche detector of Ref. [51] with xenon being in a superfluid state
with a density of 3.05 g/cm3 is proposed to perform SR edge position measurements
around X = 0. A detector acceptance of ±5 mm will be exposed by some 20% of
the 1011 SR photons and all 106 Compton recoil γ-rays, which are considered now as
background. Photons traversing the detector interact with the xenon so that electrons
are created via e.g. the photoelectric effect or pair production. These electrons drift
toward the anode and in collisions with xenon atoms they liberate further electrons.
This process is accompanied by loss of energy of the electrons and deflection from their
incident direction. The response of such a detector was simulated and the X-position
of each electron-atom collision weighted by the corresponding released energy is plotted
in Fig. 6.16 for all photons (left) and only the SR γ-rays (right). Clearly, the SR edge
at X = 0 is well recognized and a fit using Eq. (6.18) provides Xγ = 0.18 ± 0.33µm.
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This number is, despite of the crudeness of the simulation, in perfect agreement with
the demands and indicates that the response of Compton photons as background is not
important. Hence, Xγ position measurements can be performed with an avalanche SR
detector as proposed in [51]. Presently, such detector does not exist, but R&D is ongoing
and first results are expected in 2009/10 [66].

6.5 Laser Power
So far we assumed 106 Compton interactions per crossing regardless of the laser type
used. To achieve such an event rate, the required laser power is estimated as follows.
Assuming for the incident electron beam transverse bunch sizes of σx = 20 µm, σy =
2 µm and 300 µm in longitudinal direction at the Compton IP, for the transverse laser
spot size 100 (50) µm in the case of an infrared (green) laser, a pulse duration of 10
ps, a crossing angle of 8 mrad and 2 · 1010 electrons per bunch, the infrared laser eγ
luminosity per crossing is according to [67]

Lpul = Nγ ·Ne · g , (6.19)

with Nγ the number of photons per laser pulse and Ne the number of electrons per
bunch. The geometrical factor g for vertical beam crossing18 is well approximated by

g = cos2 α/2
2π · 1√

σ2
xe + σ2

xγ

· 1√
(σ2

ye + σ2
yγ) cos2(α/2) + (σ2

ze + σ2
zγ) sin2(α/2)

, (6.20)

where α is the crossing angle and the transverse laser profile is assumed to be constant.
Note that the vertical and longitudinal bunch sizes σyγ, σye and σzγ, σze, respectively, of
the interacting beams contribute. Thus, the luminosity per crossing results in 0.166 per
mbarn and µJ, while a green laser provides 0.307 mb−1µJ−1 19. If these luminosities are
combined with the corresponding Compton cross section of σ = 197.9 mb, respectively,
137.7 mb, a bunch related laser power of 30 or 24 mJ is obtained. At present, such lasers
that match the pattern of the incident electron bunches are not commercially available.
But the FLASH collaboration [56, 68], employing a laser in the infrared region with
good reliability, and ongoing R&D for green lasers within the ILC community [57] will
set milestones in the future, from which these studies could greatly benefit.

6.6 Potential Background Processes
Usually, the characteristics of Compton scattering are calculated within the Born ap-
proximation, see Sect. 6.2 as an example. Compton scattering at the ILC with large
bunch densities, large laser flash energies and small pulse lengths ensures sufficient eγ
18For horizontal crossing, the roles of x and y have to be interchanged.
19Shortening the pulse duration to 5 ps increases the luminosity by only 0.6% (2.3%) for infrared

(green) laser operation.
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luminosity, which is important for precise Eb determination. However, under such condi-
tions, multiple scattering, nonlinear QED effects, the Breit-Wheeler process (also called
two-step pair production) and higher order QED corrections can contribute and might
have a non-negligible impact on Eb measurements. In this section, these effects will be
discussed and their influence on energy measurements evaluated. In the following, if not
explicitly stated, the input parameters in Tab. 6.2 are assumed

Laser/beam parameters Value Unit
σxγ, σyγ, σzγ 50, 50, 10 µm, µm, ps
σxe, σye, σze 20, 2, 300 µm, µm, µm
Crossing angle α 8 mrad
Magnet length 3 m
Magnet field 0.28 T
Free drift distance 25 m
Compton events 106 electrons/photons

Table 6.2: Input laser/beam parameters as assumed in the simulation.

The laser power is supposed to ensure 106 Compton events at any energy, e.g. at 250
GeV it is 0.4 mJ for a CO2 and 30 mJ for a green laser.

6.6.1 Multiple Scattering
When the thickness of the laser target is about one collision length, each electron may
undergo multiple Compton scattering within the crossing region. The probability might
not be small because, after a large energy loss in a first collision, the Compton cross-
section increases and together with the high particle densities of the colliding bunches
further collisions can be caused. Such multiple scattering leads to a low energy tail in the
energy spectrum of the scattered electrons and could modify the sharp edge behavior.
In a first step, the fraction of incident electrons which scatter several time with laser

photons is evaluated and, in a second step, we evaluate the energy spectrum of such
electrons and their impact on the endpoint position.

6.6.1.1 Rate of Electrons with Multiple Interactions

In order to understand the procedure used to evaluate the number of electrons with
multiple interactions a short introduction is appropriate.
When Ne electrons hit a fixed target of thickness δx, the number of scattered electrons

N ′e is

N ′e = Ne(nσδx) , (6.21)

where n is the density of the scattering centers and σ the cross-section. The formula is
valid for N ′e � Ne. Note that N ′e is proportional to the density of the scattering centers.
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The probability for an electron to suffer a collision between x and x+ dx is

F (x) = (1− nσx)wdx , (6.22)

with w = nσ = 1/λpath and λpath the mean free path. For N ′e � Ne, the target thickness
is much smaller than the mean free path, δx� λpath, and the mean position where the
electrons scatter is given as

x̄ =
∫ δx

0 xF (x)dx∫ δx
0 F (x)dx

∼ δx

2 , (6.23)

which is independent from the density of the scattering centers..

After the first collision the electron continues to travel across the target and can
scatter at least a second time. The number of such electrons is

N ′′e = N ′enσ̄
δx

2 , (6.24)

since N ′e ∝ n, N ′′e is proportional to n2. The electrons scattered once have a non-
monochromatic energy spectrum, so that σ̄ is the cross-section weighted by the energy
spectrum of the electrons.

In our case, the target is the laser pulse and the density of the scattering centers is not
a constant but of Gaussian shape, which, however, does not change the basic results.

It is in general difficult to determine directly the number of electrons which scatter
at least once inside the laser bunch (N ′e) and those which scatter at least twice (N ′′e ) by
means of the program CAIN [69], because the laser power assumed is too low. Therefore,
these numbers were determined by an extrapolation procedure. For that it is sufficient
to evaluate N ′e and N ′′e for a laser with higher photon density as assumed so far (or,
equivalently, with more laser power if all other parameters are unaltered). We expect,
according to Eqs. (6.21) and (6.24), a linear, respectively, quadratic behavior for N ′e and
N ′′e on the laser power.

For CO2 laser powers between 0.01 J and 0.3 J, the number of electrons with genera-
tion20 ≥ 2 (N ′e) and ≥ 3 (N ′′e ) were counted and Fig. 6.17 shows the results.

The numbers on Fig. 6.17 (left) were fitted with a straight line (y = a1x+ a0), while
those on Fig. 6.17 (right) with a parabola (y = b2x

2 + b1x + b0), according to the
hypothesis of a linear, respectively, quadratic dependence of the number of scattered
electrons on the laser power.

From the slope of the linear fit and the coefficient b2 of the parabola (all other pa-

20A generation is defined as the number of interactions suffered by a particle incremented by one, e.g.
the non-interacting beam particles have generation of 1
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Figure 6.17: Left: Number of electrons which scatter at least once inside the laser bunch
(generation ≥ 2) vs. laser power. Right: Number of the electrons which
scatter at least twice (generation ≥ 3) vs. laser power (right).

rameters are negligible) we obtain

N ′e = a1 · Plaser
= (2.47 · 109) · (4 · 10−4) ' 106 (6.25)

N ′′e = b2 · P 2
laser

= (1.6 · 108) · (4 · 10−4)2 ' 26 , (6.26)

and finally

N ′′e
N ′e
' 26 · 10−6 . (6.27)

The number of electrons which scatter at least three times were also evaluated and
found to be negligible. For a CO2 laser with a huge pulse power of 0.1 J, as an example,
N ′′′e /N

′
e < 8 · 10−5.

6.6.1.2 Spectra of electrons with multiple scattering

The energy spectrum of electrons which scatter at least twice was extracted from events
generated by CAIN assuming a laser power of 0.3 J. In good approximation, the spec-
trum is independent on the laser power. This spectrum was saved in a root file, while
for electrons which scattered only once the standard GEANT generator was employed.
The energy and position of both types of electrons at the detector plane are shown in
Fig. 6.18 for a CO2 laser. Close to XEedge , only few electrons which scattered twice are
expected. We conclude that multiple scattering effects are very small and any impact on
the edge position is practically not measurable. Additional simulations were performed
for a green laser. The transverse and longitudinal laser and beam profiles were identical
to those for the CO2 laser. For 50 and 250 GeV energies and a laser power of 11 mJ,
respectively, 30 mJ, N ′′e of ∼30 for Z-pole running and ∼70 for the nominal beam energy
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Figure 6.18: Left: Energy spectrum including electrons which scattered at least twice.
Right: Position distribution of such electrons at the detector.

were found. The laser power was adjusted such that 106 Compton scatters are generated
in both cases.
So far unpolarized electrons beam were assumed, since polarization plays a minor role

in this estimation. In fact, the total cross-section for Compton scattering can be written
as

σc = σ0
c + λPeσ

1
c , (6.28)

with σ0
c the unpolarized and σ1

c the polarized cross-section, Pe and λ the mean helicity
of electron beam and laser light, respectively. Figure 6.19 shows for three laser energies
the ratio σ1

c/σ
0
c as a function of Eb. As can be seen, σ1

c/σ
0
c

mathrel∼<0.25 for all cases considered.

Figure 6.19: σ1
c/σ

0
c as a function of Eb for three laser energies.
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6.6.2 Nonlinear Effects
When the density of the laser photons is very high, an electron can interact simultane-
ously with more than one laser photon [70–73]:

e+ nγ → e′ + γ′ , n ≥ 1 (6.29)

An intuitive picture in form of a Feynman diagram is given in Fig. 6.20.
This process should not be confused with multiple scattering. In the last case, an

electron scatters first, afterward it travels further across the laser bunch and might
scatter again. The electron in such multiple scattering processes is a real electron,
whereas for nonlinear effects the electron is a virtual particle which is considered to
absorb ’simultaneously’ more than one photons.

γ
γ

γ

e−
e−

Figure 6.20: Feynman diagram of nonlinear Compton scattering with n = 2.

For lasers with very high photon density, the electromagnetic field has an impact onto
the behavior of the electron such that the electron is described by the 4-momentum q
(quasi-momentum) as

q = p+ m2ξ2

2p · kL
kL , q2 = (1 + ξ2)m2 , (6.30)

where m is the electron mass, p the real 4-momentum, kL the 4-momentum of the laser
photon and ξ2

ξ2 = 2nγr2
eλL
α

, (6.31)

with nγ as the local photon density in the laser pulse, re the classical electron radius,
λL the laser wavelength and α the fine-structure constant. The important quantity
ξ2 characterizes the strength of the nonlinear effect and, as seen from its definition, it
depends only on laser parameters. If the density of the laser pulse is sufficiently low,
the quasi-momentum q becomes the usual expression for free particles.
The cross-section for nonlinear Compton scattering can be written as an incoherent

sum of contributions [73]

σc = σ1 + σ2 + σ3... , (6.32)

where

σn = fn1(Ebeam, λL, ξ2, n) + Peλfn2(Ebeam, λL, ξ2, n) (6.33)
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Figure 6.21: Normalized energy spectra of photons with different ξ2 value. Left for
x = 1.8 and right for x = 4.8, with x as given by Eq. (6.2). The curves
(from right to left) correspond to ξ2=0, 0.1, 0.2, 0.3, and 0.5 only for
x = 4.8.

and λ the polarization of the laser light, Pe the polarization of the initial electrons and
σn the probability for an electron to absorb n photons.
For each of the processes in (6.32), the maximum energy of the emitted photons is

given by

ωnmax = nx

(1 + nx+ ξ2) , (6.34)

where x is given by Eq. (6.2).
Three important properties can be derived from Eq. (6.34):

• absorption of more than one photon generates electrons with an energy below
Eedge;

• for the linear Compton scattering process (n=1), Eedge increases with growing ξ2;

• ωnmax is independent on the polarization of the initial state.

The consequences of nonlinear effects are illustrated in Fig. 6.21. Considering, for
example, its right-hand side with x = 4.8 (as given by Eq. (6.2)), the curves represent
(from right to left) the photon energy spectra for ξ2=0, 0.1, 0.2, 0.3 and 0.5. For
ξ2=0, the spectrum corresponds to the Born approximation as given by (6.1), while
the Compton edge becomes smaller with increasing ξ2 and, at the same time, events
with energy larger than the Compton edge appear. These events are contributions from
nonlinear effects, with of n > 1 in Eq. (6.33).
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Figure 6.22: σ2/σ1 distribution for a Gaussian-like CO2 laser bunch.

6.6.2.1 Impact of Nonlinear Effects

Assuming a laser bunch with Gaussian shape, the maximum laser density can be ex-
pressed as

nmaxγ = Plaser

(2π)3/2σxσyσzEλ
= 1.80547 · 1017photons/mm3 . (6.35)

For a CO2 laser with e.g. Plaser = 4·10−4 J (the power of the laser pulse) and Eλ = 0.117
eV, the maximum value of ξ2 results in 4.16048 · 10−6.
For such a ξ2, the ratio of the cross-section of two photon absorption, σ2, to the cross-

section of one photon absorption, σ1, is expected to be σ2/σ1 < 4·10−6. Since in general,
ξ2 depends on the position of the interaction in the laser bunch, ξ2, respectively, σ2/σ1,
is not a single number, but corresponds to a broad distribution. Figure 6.22 shows the
distribution of σ2/σ1 for a Gaussian shaped CO2 laser and unpolarized electrons.
Concerning the edge energy Eedge, we expect a shift of

E ′edge = ε+ Eλ − ω1
max , (6.36)

with ε = Eb + (ξ2m2)/(4Eb), the effective energy of the initial electron, and ω1
max given

by Eq. (6.34) for n=1.
For the particular CO2 laser chosen the relative shift of the edge energy is then

expected to be

E ′edge − Eedge
Eedge

= 1.29 · 10−6 . (6.37)

For lasers with smaller wavelength such as the infrared or green laser considered in the
thesis, ξ2 is even smaller, so that the impact of nonlinear effects becomes significantly
smaller or negligible.
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Figure 6.23: Left: Number of scattered photons vs. laser pulse power. Right: Number
of e+e− pairs vs. laser pulse power.

6.6.3 Breit-Wheeler Process
With an increase of the variable x defined in Eq. (6.2), e+/e− pair creation by high energy
Compton photon collisions with laser photons leads to further background, which has
the potential to disturb the edge electron behavior. The threshold of this reaction of
Eγ,maxEλ = m2 results in x = 2(1 +

√
2) ' 4.83. If x is larger than 4.83, which happens

when e.g. 250 GeV electrons collide with green laser light, associated e± pair background
is generated (Breit-Wheeler process) [71, 72].
To evaluate the number of e± pairs a procedure similar to that used in Sect. 6.6.1.1

has been applied. Counting the number of e± pairs for values of the laser power Plaser
between 10 and 60 Joule, a quadratic dependence Ne+/e− = b2 · Plaser2 is obtained
as shown in Fig. 6.23 (right) for a green laser at 500 GeV. Once the parameter b2 is
determined by a fit, it is possible to extrapolate Ne+/e− for lower laser pulse powers. A
value of Ne+/e− of about 30 for Plaser = 0.039 J was thus found.
This evaluation was done with unpolarized electron beam. For the worst case of λPe =
−1 and Eb = 500 GeV, the number of photons near the Compton edge is approximately
doubled where the cross-section of the Breit-Wheeler process is larger resulting in Ne+/e−

∼<60 per bunch crossing.
All these values, including the last one, are considered to be unimportant and are

expected not to affect a precise energy measurement.

6.6.4 Higher Order QED Corrections
The amplitude for a generic process in quantum field theory is calculated as a series
of power of α, the fine-structure constant. This series is called the perturbation series.
Often it is sufficient to consider only the first term in the series, the Born approximation,
which is proportional to α2 and neglect the others, but for high energy beams, the
term proportional to α3 (virtual corrections) cannot be neglected since it might be few
percent of the order-α2 terms [74]. However, the higher order contributions have the
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same kinematics as the order-α2 terms and since Eedge is defined only by the kinematics,
no change is expected for Eedge.
Furthermore, besides the order-α3 terms from the perturbation series, two other pro-

cesses have to be considered, the double Compton process, e + γ → e + γγ, and the
direct pair production reaction, e−+γ → e+e+e−, since both cross-sections are of order-
α3. An example of Feynman diagrams for double Compton scattering and direct pair
production is given in Fig. 6.24. It turns out that the soft part of the double Compton
process is divergent towards zero photon energy. This divergence is as usual canceled
against virtual corrections of the same order in α within a renormalization scheme.

Figure 6.24: Example of Feynman diagrams for the processes e+ γ → e+ γγ (left) and
e− + γ → e+e+e− (right).

In the case of double Compton scattering, the final state electron also has a minimum
energy which coincides with the Compton edge of the standard process e + γ → e + γ.
This can be understood as follows. The scattered electron has its minimum energy when
the 2-photon system has its maximum energy. This happens when the two photons are
collimated exactly in the forward direction. Their invariant mass is then zero and the
two photons cannot be distinguished from a single photon. Hence, the situation is the
same as for the usual Compton backscattering with only one photon in the final state.
The process e− + γ → e+e+e− has a production threshold as the Breit-Wheeler pro-

cess. Considering a green laser, this threshold is near Eb = 225 GeV. At this energy, all
final state particles are collimated exactly in forward direction and each particle carries
one third of the initial beam energy, i.e. ∼75 GeV. At 500 GeV, the final state elec-
trons/positrons are characterized by a cut-off energy of 34.36 GeV, which is however far
away from the fitting energy range of interest, namely of Eedge ∼ 26 GeV or near by.
To confirm the expectations, the program COMRAD [75] was utilized to generate

electron energy spectra including virtual corrections and the double Compton process.
The left-hand side of Fig. 6.25 shows the distributions obtained near the Compton edge
for a 500 GeV beam and a green laser with λPe = −1. Such conditions allow for
largest higher order contributions. As can be seen, the Born spectrum is only enhanced
by few percent, as stated above. Furthermore, an edge electron energy spectrum was
generated including all order-α3 contributions and a beam spread of 0.3% (right-hand
side of Fig. 6.25) and using the ansatz (6.18), Eedge was determined. The fit result is
Eedge = 26.52579 ± 0.00035 GeV, which is only 1.5 standard deviation away from the
Born expectation of 26.52525 GeV, i.e. the difference is smaller than 20 ppm. This
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Figure 6.25: Left: Born cross-section of the Compton process (black histogram), Born
plus order-α3 cross-section (open histogram) and Born plus order-α3 terms
including the reaction e+ γ → e+ γγ (shaded histogram) for λPe = −1 at
500 GeV. Right: Electron energy spectrum including all order-α3 contribu-
tions and a beam spread of 0.3%. The line represents a fit with Eq. (6.18).

example demonstrates that order-α3 contributions have no measurable impact on beam
energy measurements by Compton backscattering.

6.7 Potential Systematic Error Sources
Concerning the statistical error, it has been shown that with 106 Compton events per
bunch crossing the accuracy on the beam energy ∆Eb/Eb can be brought below the
requirement of 10−4.
Different sources of potential systematic errors may affect the measurement of Eb

and are discussed below. As outlined in Sect. 6.6, Compton processes beyond Born
approximation such as multiple scattering, nonlinear effects in the e → γ conversion
process, higher order QED corrections or e+e− pair creation will not significantly modify
the scattered photon and edge electron behavior. As shown by simulation, their effect on
∆Eb/Eb is negligible even after summation over all non-Born approximations discussed.

6.7.1 Quartz Fiber Detector
The geometrical precision of quartz fibers is crucial for their precise assembly into plans
and stacks. Arrangements of sufficient precisions including intrinsic fiber uncertainties
are based on experience [76, 77] and can be kept to 2 µm or better for small devices.
The position of the fibers can be accurately measured after the assembly and recorded
in a database for use during analysis so that final arrangement errors may be less than
few tenth of a micrometer. Also, any tilt of the detector with respect to the vertical
direction is important. For example, a misalignment error of 1 mrad could result in an
Xγ position shift up to 5 µm. Hence, the detector has to be aligned to better than 0.1
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mrad in order to keep this bias contribution ∼<0.2 µm.
Possible errors caused by the fit procedure of the escaping e± position distribution

have been checked by varying the fit region within reasonable values or by rebinning
the spectrum or by omitting the first step of the two-step Xγ-fit procedure. There is no
evidence found for a bias of the nominal fitted values, taking their statistical precision
into account. Conservatively, we assign an error of 0.1 µm due to residual uncertainties
from the fit.
The signal uniformity of the fiber sensor is also an important issue. Variations from

fiber-to-fiber (or strip-to-strip) may have various reasons. There are statistical variations
due to noise and fluctuations of the number of photons emitted, but also variations of
the signal response laterally across the detector which are caused by fluctuations in
the local properties of the sensor. Cerenkov light variations were already addressed in
the GEANT simulations. The remaining fluctuations were studied by some additional
Gaussian channel-to-channel signal variation of 0.5%, 1% and 2% of the total signal per
fiber. It was found that the original position of interest is shifted by less than 1 µm for
a response fluctuation not exceeding 1%. In practice, the level of uniformity across the
sensor should be measured by an appropriate uniform illumination with particle beams
and the individual channel response accounted for in the data analysis.
Imperfections within the fiber readout chain are difficult to estimate at the present

stage of the project. However, in order to fulfill the request, we set a limit of 0.2 µm for
fiber-to-fiber signal variation and instability.

6.7.2 Avalanche Detector
Alternatively, recording the SR edge by means of the avalanche detector [51], the primary
beam line position depends on the amount and shape of the fringe field of the magnet.
If the 1% integrated B-field fraction for the fringe field as used in the simulation was
varied between 0.5 and 2% and three field shapes are considered (a simple step function,
a straight line between zero and the B-field strength and a Gaussian distribution) it was
found that the edge positions were distributed over a range of 1.6 µm. Thereby, precise
measurement of the fringe field is mandatory, in particular upstream of the magnet.
We estimate a residual error of ∼0.2 µm for Xγ due to surviving uncertainties of the
integrated B-field which includes imperfections of the fringe field. Also, additional errors
of 0.1 and 0.2 µm due to imperfections in the fit procedure, respectively, electronics were
assigned.

6.7.3 Beam and Laser Jitter
Since the beam and the laser widths are comparable in size, the laser has to be steered
onto the electrons such that both beams collide centrally. Otherwise, a shift of the center-
of-gravity of the scattered photons is generated. Options for laser spot size monitoring
and its stabilization are discussed in [13]. Electron position and emittance are supplied
by BPMs, respectively, wire-scanner systems distributed within the BDS. Beam jitter
studies suggest for σjitter = (0.1 ÷ 0.5) · σx(y) [9, 78], where σx(y) is the bunch size in
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X(Y)-direction21. For a beam extension σx = 20 µm for example, the horizontal jitter
is small, in the order of few micrometer, and negligible in the vertical direction. If one
restricts any shift of Xγ to be less than 0.3 µm, constraints for the distance between
laser and electron beam centers as a function of the laser spot size can be derived. With
σx = 20µm and a laser spot size of ∼150 µm, the position of the laser has to be stable
within 12 µm. Larger spot sizes relax this condition, whereas a bigger electron bunch
size aggravates the condition considerably. For example, a 50 µm bunch requires a laser
spot of the order of 300 µm and a laser jitter of less than 10 µm in order to maintain the
photon centroid shift below 0.3 µm. Luminosity loss due to larger laser spot sizes can
be compensated by either an increase of the laser power or an increased pulse length,
or a combination of both. If the pulse duration is substantially increased it seems
of advantage to consider horizontal instead of vertical beam crossing. In conclusion, in
order to design a laser system which restricts the shift of Xγ due to non-central collisions
of electron and laser pulses to less than ∼0.3 µm, some R&D effort is needed.

6.7.4 Xγ Determination

Summing all contributions quadratically, the total error associated to the γ-ray centroid
position is ∆Xγ ' 0.8 µm for the quartz fiber detector-converter system, while the
SR edge approach provides ∼0.6 µm. Both uncertainties are smaller than the required
figure of ∼1 µm.

6.7.5 Xedge Determination

Concerning the measurement of the electron endpoint, we found for Xedge an uncertainty
of about 4 µm for the CO2 laser, while the infrared (green) laser provides values of 6 and
7 (12 and 14) µm for the DSD, respectively, QFD detector. The differences in precision
are mainly due to different event rates per detector strip or fiber.
For the diamond strip detector we assume a similar alignment precision as for the Xγ

fiber detector discussed above and a bias estimate of 1.5 µm due to imperfections of the
detector response.
The yield of the Cerenkov light in quartz fibers varies considerably in the vicinity of

the Compton edge. Here, the number of incident electrons per fiber ranges from ∼150
to only a few or zero. Correspondingly, the number of photoelectrons in the light signal
detector also varies considerably, which in turn requires high quantum efficiency at the
wavelength of maximum scintillation and excellent single-photon detection capability. If
we e.g. assume a zero-signal for fibers with less than 10 incident electrons, the refitted
endpoint positions were found to be within ±0.6 µm compared to the original values.
This suggests to assign a total uncertainty associated to detector effects of 2 µm.

21 Some machine experts prefer to use the smaller number. The size of the jitter will depend on the
stability of the ILC beam line components, on energy and kicker jitter and on the performance of
train-to-train and intra-train feedback.
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6.7.6 Method A
Relying on method A (Sect. 6.3.2), ∆Eb/Eb is controlled by the accuracy of the inte-
grated B-field of the spectrometer magnet, ∆B/B, the drift distance to the detector
plane, ∆L/L, and the offset of the edge position with respect to the primary beam
line, ∆D/D, see Eq. (6.8) and Fig. 6.6. The drift distance can be precisely monitored
using an interferometer [79]. For an accuracy of ∆L '100 µm, which is feasible, the
relative error of L becomes few times 10−6 and hence negligible. The required accuracy
for the distance between the undeflected beam and the endpoint in the order of few
micrometers is only possible when a CO2 laser is used. To achieve such a precision the
Xγ and Xedge detectors should be installed on a common frame and rigidly connected
in order to avoid relative position movements. In this way and with a frame made out
of a material with a small expansion coefficient like carbon the relative distance error
between both devices can be kept below 1 µm , even with a ±5o change in tunnel tem-
perature. More important contributions to ∆D/D constitute the uncertainties of the
Xγ and Xedge position measurements themself.
As emphasized in Sect. 6.3.2, the relative error of the B-field integral should be close to

2 ·10−5 in order to reach the required beam energy precision. Aspects necessary to fulfill
this challenging request are summarized in [37]. Here we point out that, independent
of the endpoint detector utilized, in addition to the bending field provided by the spec-
trometer dipole itself, several other sources of magnetic fields may be present in the ILC
tunnel which might influence the path of the electrons. A large effect can come from the
earth’s field and other contributions might arise from cables which provide current for
magnets. Such fields within the space between the Compton IP and the detector plane
could spoil the endpoint position measurement, even if this space is free of any magnetic
element. The effect of e.g. the earth’s field if normal to the full edge electron trajectory
will shift the impact point 25 m downstream of the magnet by approximately 12 µm.
Hence, the ambient field can be critical and should be either shielded or measured by
e.g. a fluxgate magnetometer. Such an instrument allows to monitor any variation of
the ambient magnetic field with time and endpoint corrections should be applied. It is
estimated that such a field has to be known with a relative accuracy of (better than)
10% to ensure a tolerable contribution of ∼<1.5 µm to the overall Xedge uncertainty.
Considering all the arguments proposed, an error for Xedge of 4.9 µm is obtained while

for Xγ the error has been evaluated to be about 0.6 µm. The error on the displacement
D, ∆D =

√
∆X2

γ + ∆X2
edge, is thus about 4.9 µm, a value still acceptable.

6.7.7 Method B
Adding all uncertainties together, the total error of Xedge can be expected to be close to
6.6 or 7.3 µm (12.2 or 14.2 µm) if an infrared (green) laser is used in the spectrometer.
The dominating fraction of the error comes from statistics so that larger data samples
would decrease these uncertainties. In general, all estimated uncertainties are very close
to or less than the errors anticipated in Sects. 6.3.3. The error on Xγ measurement was
found to be about 0.6 µm, below the requirement of 1 µm.
If method B will be realized, precise position of the unscattered beam, Xbeam, at
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the detector plane is also required. Cavity beam position monitors with single-bunch
resolution of few hundred (or less) nanometer are best suited. To be conservative, we
assume an error for Xbeam of 1 µm which has to be added in quadrature with the
uncertainty from possible charged particle background expected for one of the proposed
spectrometer locations (Sect. 6.8). In the worst case, the total uncertainty of Xbeam

results in ∼1.2 µm which is well within the requirement.
In addition, if the B-field integrals for the endpoint and beam electrons are different,

(
∫
Bdl)edge 6= (

∫
Bdl)beam, the expression for the beam energy (6.16) must be rewritten

as
Eb ∝

R(Xedge −Xγ)− (Xbeam −Xγ)
(Xbeam −Xγ)

, (6.38)

with
R = (

∫
Bdl)beam

(
∫
Bdl)edge

. (6.39)

Hence, the error for the beam energy as a function of the relative uncertainty of R is

∆Eb
Eb

= (Xedge −Xγ)
(Xedge −Xbeam)

∆R
R

, (6.40)

where the approximation R ≈ 1 has been implied. If the corresponding particle positions
25 m downstream of the spectrometer magnet are taken into account, the ratio (Xedge−
Xγ)/(Xedge − Xbeam) = 1.2 (1.1) for the infrared (green) laser. This means that for
∆R/R ' 5 · 10−5 or better and any value of R different from 1, Eq. (6.16) is needed to
be modified as indicated above. If R equals 1 (within few times 10−5), no correction has
to be applied. With today’s common B-field and

∫
Bdl measurement techniques such

precision for R can be achieved without too much efforts.
Throughout the thesis, the approximation for the bend of an electron passing a B-field

in Eq. (2.19) has been used and higher order contributions as given by Eq. (2.18) were
neglected. Figure 6.26 shows the ratio between the first and second term of the Taylor
expansion (2.18)

L
2 ·
(
l
R

)3(
L+ l

2

)
· l
R

against the beam energy for three different lasers. As can be seen, for a green laser
(Eλ = 2.33 eV) and Eb = 500 GeV, the second term is largest and becomes 10−3

compared to the first one. This means that this term cannot be neglected. It can,
however, be easily calculated with an accuracy of 0.1% and taken into account in the
analysis without the need of a precise theory.
Of the same order of magnitude is the correction due to emission of synchrotron

radiation by the electrons when passing the spectrometer magnet [80].
Basically, whatever will be the final choice for the electron detector more elaborated

simulation studies are mandatory. In particular, physics processes in the sensor material,
basic parameters of the associated electronics and backgrounds need to be included in
Monte Carlo studies. Such details may affect the edge position and its shape and could
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Figure 6.26: Ratio between the first and second term of the Taylor expansion (2.18) as
function of the beam energy for three laser frequencies.

limit the performance of the spectrometer. Studies of this kind are, however, beyond
the scope of this thesis.
The idea to pulse the laser on every ILC bunch may be diluted for background studies.

If e.g. the laser is pulsed on nine out of ten bunches, every 10th pulse can be used for
background informations.

6.8 Suitable Energy Spectrometer Locations
Although today’s beam delivery system [58] will be further developed within the next
years, basic properties are not expected to be modified. We propose three alternatives
for possible locations of the Compton spectrometer within the BDS, while keeping major
design parameters of the spectrometer unaltered. Each of the proposals has pros and
cons and the spectrometer viability requires sometimes, depending on the location, slight
modifications of the present BDS. An overall view of the BDS is shown in Fig. 6.27,
where also potential locations for the Compton spectrometer are indicated.
Common to all alternatives is the demand to locate the spectrometer upstream of the

energy collimation system22 to avoid significant muon background excess relative to the
rate from normal collimation losses.
The straight-forward approach suggests to locate the spectrometer in an existing

free-space region of the BDS. The amount of space needed is determined by the drift
distance of at least 25 m to the detector system, the length of the magnet of 3 m and
the 6 m long vacuum chamber upstream of the dipole in which the Compton IP is
contained. The sum of these components of 35 m has to be enlarged by additional space
to accommodate two ancillary magnets with corresponding drift regions to compensate
the bend of the spectrometer magnet. Hence, in total 60÷ 70 m free space is needed23.
22The energy collimation system performs efficient removal of halo particles which lie outside the

acceptable range of energy spread.
23It would be very helpful if in any new BDS design a suitable spectrometer dipole is a priori foreseen

as a standard BDS magnet. This would substantially relax space (and other) requirements for the
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Figure 6.27: General view of the beam delivery system with possible locations of the
Compton spectrometer.

Far upstream of the physics e+e−-IP such free space of some 65 m exists, see Fig. 6.27.
The transverse dimensions of the beam at the Compton IP of about 20 µm versus 2
µm perfectly match the expected spot size of the laser. Additional muon background
generated by backscattered electron interactions further downstream was estimated and
would only increase the muon rate by a small amount [81], independent of the laser
wavelength. This suggestion locates the spectrometer on a direct line of sight to the
main linac, which means that backgrounds in this region are likely to be significant.
In particular, charged particles off in energy may affect the position of the beam in
the cavity BPM. Cavity beam position monitors measure the centroid of the particle’s
charge distribution and, hence, particles with less energy than Eb are stronger deflected
by the spectrometer magnet and could shift the measured beam position. Halo and tail
generation estimates based on simulation [82] reveal that at the exit of the linac the
beam profile is superimposed by a symmetric halo extending to about ±300 (50) µm in
X(Y)-direction24. The fraction of particles off in energy was estimated to be few times
10−5 with a broad energy spectrum that sharply peaks very close to the nominal beam
energy. A simple tracking procedure up to the BPM installed 25 m from the spectrometer
magnet indicates a shift ofXbeam of 0.65 µm which we consider of not being catastrophic.
It is also estimated that this background does not affect the Compton endpoint position
in a significant manner. The synchrotron photons from the quadrupole fields within the
linac and the beginning of the BDS have a ∼ 102 times lower critical energy [82–84]
than those from the spectrometer magnet and are considered to be of no serious issue.
However, due to the uncertainties in the charged particle background simulation it is

Compton spectrometer.
24 The electron bunches at the end of the linac were found to be very well described by pure Gaussian

distributions with horizontal and vertical dimensions of σx = 39.0 µm and σy = 1.80 µm, respectively.



6.8 Suitable Energy Spectrometer Locations 125

favorable to locate the spectrometer after a protective bend, so that the beam position
will be much less impacted.
A major constraint for the design of the Compton spectrometer is the synchrotron

radiation emittance dilution from the additional spectrometer magnets. Employing
the magnet as discussed in [13] and similar ancillary magnets, an emittance growth of
about 0.5% at 250 GeV is expected, which might be considered as acceptable. Since the
emittance scales with the sixth power of the beam energy, further studies have to reveal
whether emittance dilution at 500 GeV beam energy can be tolerated.
A second option for the spectrometer location consists in employing one or more

magnets of the present BDS as the Compton spectrometer dipole. Since, however, an
individual magnet with desirable properties does not exist, we suggest to combine several
consecutive bending magnets. At the beginning of the energy collimation section directly
after the first magnet, see Fig. 6.27, such magnets25 might be combined to provide the
desired bending power. In particular, if the laser IP is located about 3 m upstream of
magnet 1, a combination of the following six magnets (magnet 1, ..., magnet 6) provides
sufficient particle separation. For example, separation between the backscattered γ-rays
and the beam line results in 18 mm after passing magnet 6, while the distance of the
beam to the edge electrons is 26 mm for a CO2 and 98 mm for an 1.165 eV infrared laser.
Thus, by locating the detector system close to magnet 7 convenient measurements of
the positions of the Compton recoil particles and the beam line can be performed. The
transverse beam profile at the laser IP is sufficiently small so that the beam is completely
covered by the laser spot. Additional muon background from Compton electrons is
tolerable since many of these electrons will hit either closely located magnets or spoilers
of the energy collimation system [81]. This option also allows to insert the laser light
into the vacuum pipe downstream of magnet 1 which makes strict head-on collisions
with the beam possible.
However, the horizontal aperture of the magnets has to be continuously increased

towards the bending direction so that the edge electrons pass in B-fields with properties
as demanded. In particular, at the exit of magnet 6 the vacuum chamber has to have a
horizontal aperture of 115 mm for infrared laser light scattering. Furthermore, if method
A is employed for beam energy measurements, the B-field integral over all six magnets
has to be known with 20 ppm precision. Or, for method B, the three-point measurement
approach, sufficient field uniformity within the bending plane up to X = 115 mm has
to be ensured. Whatever method for Eb determination will be realized, the demands
for the magnet system are challenging. This alternative for the spectrometer location
is advantageous since no additional magnets are needed and, thereby, further growth of
the beam emittance is a priori avoided.
The third alternative for a location of the Compton spectrometer consists in employ-

ing the magnetic chicane proposed for high energy polarization measurements [85]. In
particular, the 4-magnet polarimeter chicane with the laser IP in the mid-point is sup-
posed to be supplemented by the position sensitive detector system, which should be
located upstream but close to the fourth magnet. Also, some dedicated adjustments
of space, laser and detector conditions are needed to ensure polarization and beam en-
25Each magnet has a B-field of 291.68 Gauss, a length of 2.4 m and space in between of 12.3 m.
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ergy measurements simultaneously with precisions as anticipated. However, the present
baseline polarimeter design aims to operate the chicane with constant field settings over
a large range of beam energies, while the Compton based beam energy spectrometer
intends to adjust the B-field to a constant bending power of e.g. 1 mrad. Whether
both approaches can be merged to a common proposal requires detailed studies. Possi-
ble muon background increase from Compton electron interactions was estimated to be
tolerable [81]. It is also obvious that additional dilution of the beam emittance caused
by such Eb measurements is ruled out.

6.9 Summary
A novel, non-invasive method of measuring the incident beam energy, Eb, at the Inter-
national e+e− Linear Collider is proposed. Laser light scatters head-on off ILC bunches
and generates Compton electrons and photons. After the Compton IP, the scattered
particles as well as the non-interacting beam electrons (99.9995% of them) pass through
a dipole magnet so that further downstream access to each particle type is possible.
Eb measurements can be performed continuously on a bunch-to-bunch basis while the
electron and positron beams are in collision.
One approach to infer Eb, method A, relies on the beam energy dependence of the

momentum of the scattered electrons at the kinematic endpoint, the edge energy. Com-
bining the B-field integral of the dipole with the position of the edge electrons relative
to the incident beam provides the energy of the edge electrons and, thereby, Eb. How-
ever, integrated field uncertainties close to 2 · 10−5 and position measurements with an
accuracy of at least few micrometers are required to achieve the anticipated value of
10−4. The last demand is very challenging and is mainly the reason to follow a different
approach, denoted as method B. By measuring three particle positions, the position
of the Compton scattered γ-rays, Xγ, the position of the edge electrons, Xedge, and
that of the beam, Xbeam, downstream of the spectrometer magnet allows to deduce Eb
with precisions of 10−4 or better. Such precisions, however, require to measure the
distance Xedge − Xbeam with an accuracy of about ten micrometer and Xγ with 1 ÷ 2
µm uncertainty. Both requirements seem to be achievable. In particular, the distance
Xedge − Xbeam is beam energy independent and accumulation over many bunches de-
creases its statistical error substantially.
It has been shown that effects beyond the Born approximation in the laser crossing

region are very small. They only lead to a negligible shift of the edge electron position,
Xedge.
Geometrical constraints and acceptable emittance dilution of beam particles when

passing the dipole magnet require a spectrometer length of at least 30 m. The geometri-
cal constraints in conjunction with free space options within the present beam delivery
system preclude the usage of a CO2 laser, while an infrared (with Eλ = 1.165 eV) or a
green laser (with Eλ = 2.33 eV) are both suitable. To achieve e.g. 106 Compton events
per bunch crossing, a pulse power of 30 mJ, respectively, 24 mJ with a pattern that
matches the pulse and bunch structure at the ILC is needed. Such lasers are presently
commercially not available, but R&D is ongoing within the ILC and other communities.
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For particle position measurements, detectors with high spatial resolution have to
be pursued. As a promising option for edge electron and γ-ray center-of-gravity mea-
surements quartz fiber detectors are suggested because they are very radiation hard
and ultrafast. An alternative to the Xγ quartz fiber detector (in conjunction with e.g.
a 16 radiation length tungsten converter) consists in measuring the edge position of
synchrotron radiation light generated by beam particles when passing the spectrometer
magnet, as discussed in [51]. A device based on gas amplification was considered in more
details and simulations demonstrated its reliability for our purpose. The position of the
non-interacting beam particles needs to be known with micrometer accuracy which can
be relative easily achieved by modern cavity beam position monitors.
The method proposed to perform energy measurements of the incident beam at the

ILC is thought to be a complementary and cross-check approach to the canonical concept
of a BPM-based energy spectrometer. Both methods intend to achieve a precision of 10−4

on a bunch-to-bunch basis. The method studied in this thesis seems to accomplish the
objective, but more detailed studies are mandatory and a prove-of-principle experiment
[86] should to be performed to test the three-position measurement approach.
The experience at SLC and LEP proved that independent measurements of the beam

energy are important. Both the Compton and the BPM-based spectrometers are de-
signed to provide an absolute measurement of the beam energy with a relative accuracy
of 10−4. Cross-calibration of the spectrometers would provide an important and valu-
able control of their systematic errors. Also, energy measurements at the Z-pole would
provide a unique possibility for an early calibration in a well understood physics regime.
Although Z-pole calibration measurements are not part of the current ILC baseline de-
sign [9], it is argued [87] that the baseline should be modified to include such reference.
In addition, physics reference channels, such as e+e− → µ+µ−γ where the muons are
resonant with the known Z-mass, are foreseen to provide valuable checks of the collision
energy scale, but only long after the data were recorded.





Conclusions

For the physics program at the ILC the center-of-mass energy
√
s has to be controlled

with excellent accuracy. The basis for the knowledge of the luminosity-weighted
√
s

for physics analyses is provided by measurements of the beam energy upstream of the
e+/e− interaction point with a precision of 10−4 or better. The present scheme at the
ILC foresees the usage of a spectrometer composed of a 4-magnet chicane with beam
position monitors (BPMs) (see Figs. 3.2, 3.5b and 5.5).
A prototype of such a device was commissioned in End Station A (ESA) at the

Stanford Linear Accelerator Center (SLAC) in 2006/2007. The goal of the experiment
was to study its performance and reliability to gain experience for the planning of future
spectrometers.
To determine the beam energy, monitoring the B-field integral of the magnets is very

important besides the measurement of the transverse position of the beam upstream,
downstream and in the mid-chicane. For monitoring the B-field integral, an accuracy
of 5 · 10−5 or better was demanded. In the thesis, measurements of the dipole magnets
performed at the SLAC laboratory are reported which is needed to understand their
properties and to verify an appropriate procedure to measure the B-field integral during
data taking runs. A relative integrated B-field precision of 18.4 · 10−5 was found, with
major contributions caused by alignment errors. Also several suggestions to improve
substantially this accuracy are reported.
The resolution of relative beam energy measurements is also evaluated. To determine

the dipole-induced displacement of the beam in the mid-chicane, it was necessary to
measure two positions of the beam, the position of the deflected beam in between the
second and third magnet and that of the undeflected beam, respectively, the position of
the extrapolated beam trajectory at the same beam line position (dashed line in Fig. 3.2).
The offset or dispersion is determined from a BPM installed in the mid-chicane and the
extrapolated position by using informations from the BPMs upstream and downstream
of the chicane. To be able to use the data from the BPMs downstream of the chicane,
a necessary prerequisite of the spectrometer is to restore downstream the upstream
beam. In other words, the chicane has to "handle" the beam in a symmetric manner.
This condition was not fulfilled at ESA. Thereby, the BPMs downstream could not be
integrated into the analysis which in turn provides a worse beam energy resolution. At
the end, the relative resolution of the beam energy was found to be 8.5 · 10−4.
Experiences at SLC and LEP proved that complementary measurements of the beam

energy are necessary in order to cross-check and cross-calibrate the results from the
BPM-based spectrometer. In the thesis, a novel, non-destructive method for beam
energy monitoring using Compton backscattering of laser light on beam particles is
studied. Previous experiments performed at the storage rings BESSY and VEPP-4M
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could not be copied for a bunch related beam energy determination at the ILC. There-
fore, the method proposed differs in many respects and can be summarized as follows.
After crossing the electron beam with a laser, a dipole magnet separates the backscat-
tered undeflected photons, the unscattered beam particles and, with larger angle, the
Compton scattered electrons. Downstream of the magnet the position of the scattered
electrons with smallest energy and largest bend angle (edge position) and the center-of-
gravity of the backscattered photons are measured. Combining these informations with
the B-field integral (method A) or with the position of the unscattered beam (method
B), the beam energy can be inferred. Both methods are studied in details. It was found
that for the first method a laser with large wavelength is preferable, whereas the second
approach requires lasers with short wavelengths. Detailed simulations are performed to
evaluate possible detection options. For the Compton scattered electrons, a diamond
sensor or quartz fiber detector seems to be suitable, whereas for the photons a quartz
fiber or a novel avalanche detector of Ref. [51] is the best choice. Potential background
processes within the laser-electron interaction region are evaluated and possible impacts
on beam energy measurements are found to be negligible. It has been shown that with
106 Compton events per bunch crossing the statistical error as well as potential system-
atic errors can be brought well below the requirement of ∆Eb/Eb = 10−4. The method
proposed is found to be very promising and accomplishes the objective at the ILC, but
needs experimental verification.
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