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Compton scattering techniques for the measurement of the transverse beam size of particle
beams at future linear colliders (FLC) are proposed. At several locations of the beam delivery
system (BDS) of the FLC, beam spot sizes ranging from several hundreds to a few microme-
tres have to be measured. This is necessary to verify beam optics and to obtain the transverse
beam emittance. The large demagnification of the beam in the BDS and the high beam power
puts extreme conditions on any measuring device. With conventional techniques at their op-
erational limit in FLC scenarios, new methods for the detection of the transverse beam size
have to be developed. For this laser based techniques are proposed capable of measuring
high power beams with sizes in the micrometre range. In this paper general aspects and crit-
ical issues of a generic device are outlined and a specific solutions proposed. Plans to install
a laser wire experiment at an accelerator test facility are presented.
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1 Introduction

1.1 Scientific Motivation

High luminosity is the key to many of the physics processes of special interest at the Liner
Collider. This fundamental point is the main physics motivation for this project and justi-
fies considerable efforts to ensure that the machine can deliver on its excellent luminosity
potential.

There are many examples of the need for high luminosity. For instance, one of the goals
of the LC will be to determine the detailed nature of electroweak symmetry breaking and, if
supersymmetry (SUSY) is realised in nature, to gain insight into the nature of SUSY break-
ing. A clear route to this goal is to measure as far as possible the entire particle spectrum and
couplings with high precision and thereby to determine the structure of nature in a model
independent way. As a result, particle threshold scans feature strongly in the physics LC pro-
gram. They generally require high luminosity but in return provide the ultimate precision.
Such an approach can produce an excellent measurement of the SUSY particle spectrum,
which in turn allows the model-independent reconstruction of nature at very high energy
scales (cite here worldstudy).

The case for the highest luminosities is now globally accepted and all the LC proposals
currently have this as their goal, with quoted luminosities of a few×1034 cm2s−1. The key
motivation for this project is to add to the arsenal of tools that the machine will need to
maximise its luminosity performance. In particular this project aims to provide a reliable
and flexible method of obtaining real-time information on the emittance and quality of the
beam and hence to allow feedback for maximising the luminosity.

1.2 Emittance Measurement

In this project we limit our attention to the measurement of the electron beam transverse
phase space (transverse emittance) because it is the fundamental determining factor for the
final transverse beam-spot size at the interaction point (IP). It is important to keep the emit-
tance low so as to maximise the luminosity at the IP and much effort is spent in designing
the accelerator and beam delivery system (BDS) to avoid sources of emittance growth. The
BDS generically consists of approximately a kilometre of beam optics providing collima-
tion, chromatic correction and final focusing. There are many potential sources of emittance
growth which in general will be time dependent and will require continuous measurement
and feedback to correct.

The aim is to measure the emittance of the beam to better than 10% as it approaches the
IP and this will require a number of profile measurements along the BDS. In Tab. 1 beam
characteristics for TESLA, CLIC and NLC are listed. Given that the beam optics are known

CLIC NLC/JLC TESLA
σx[µm] 3.4 to 15 7 to 50 20 to 150

BDS
σy[µm] 0.35 to 2.6 1 to 5 1 to 25
σ?
x[nm] 196 335 535

IP
σ?
y[nm] 4.5 4.5 5

Table 1: Beam spot sizes for various Linear Collider designs. Quoted are numbers for
CLIC [1], NLC/JLC [2], and TESLA [3].

precisely, a set of transverse profile measurements can be translated into a determination of
the emittance. At least five scanning stations will be required for each lepton beam, possibly
fired by a single laser system plus laser beam transportation. Each station will need to pro-
vide a profile along three directions, as required to specify an ellipse. Relating a set of such
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transverse profiles to the emittance and optimising the layout of scanning stations within
a BDS design will form an interesting parallel project, that will be addressed via detailed
simulations.

The electron bunch transverse profile has been measured in the past by intersecting the
electron beam with a solid wire and by counting the subsequent background rate as a func-
tion of the relative position of wire and bunch. Using this technique, resolutions of typically
a few µm can be obtained, at the expense of some disruption to the beam. This technique
cannot be used universally at the LC, however, because the beam-spot sizes can be much
smaller, the need for continuous measurement precludes an invasive technique and the in-
tensities are so great that the wires would be quickly damaged, even if swept rapidly through
the beam. For these reasons, it is necessary to develop a novel technique that can run con-
tinuously and reliably during machine operation, that does not get destroyed by the beam
and that can be sufficiently fast so as to be sensitive to individual electron bunches within
the bunch train. All these advantages could in principle be provided using optical scattering
structures.

2 Laser Wire Principle

As mentioned above a laser wire measures the transverse electron beam size by scanning
a narrow laser beam transversely over the electron beam. A possible setup is shown in
Fig. 1. A high power laser beam is divided into two different optical paths for scanning

COMPTON
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y z
ELECTRON

BUNCH

MAGNET
BENDING

GAMMA−RAY
DETECTOR

ELECTRON BEAM
TRAJECTORY

BEAM SPLITTER

HIGH POWER LASER

MIRROR

DEFLECTOR

LASERBEAM

Figure 1: Operation principle of a laser wire profile monitor.

the horizontal and vertical beam size. Before the interaction with the electron beam the
laser beams are focused. The electron beam is then bent away while the Compton scattered
photons travel along a straight line where they are detected with a calorimeter. Scattered
electrons will be bent more strongly than particles with the nominal beam energy enabling
detection at a location after the bending magnet.

The proof of principle of this technique was first demonstrated at the Stanford Linear Col-
lider (SLC) [4] and a different design is presently being tested at the Accelerator Test Facility
(ATF) at KEK [5, 6, 7]. The SLC design used a high power pulsed laser beam, transported
some distance to the IP within the SLD experiment. The very tight space and accessibility
of this location led to a highly engineered design, with the laser position fixed in space. The
operation of the device then required the electron beam to be scanned across the laser beam
and, in this sense, this laser wire was still an invasive device. The ATF design uses a continu-
ous wave laser (with corresponding low peak power) and the entire optical system is moved
relative to the electron beam using stepping motors.
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Our aim is to elevate these designs to a compact, non-invasive device where a high-
power pulsed laser is scanned across the electron beam using either piezo-driven mirrors
or acousto-optic devices. These techniques have not been used before in a laser wire and so
we are proposing a genuine advance in this field.

3 Optical Scattering Structures

Common to all optical scattering structures is that they must have features smaller or similar
in size to the particle beam under measurement. Several types of laser spot structures can be
generated with common optical setups. In the following some optical structures are listed
together with their performance rating.

3.1 Laser Wire (Gaussian Profile)

The laser beam is here focused to a small gaussian spot with radius ωo. If we consider a
diffraction limited, finely focused beam waist, the minimal achievable spot radius is given
by ωo = λ/(πθ), where λ denotes the laser wavelength and θ the half opening angle of the
laserbeam at the waist (see Fig.2). The distance over which the laser beam diverges to

√
2

oω

y
z

yy

x

yσ

ELECTRON BEAM
LASER BEAM

ELECTRON BEAM

LASER 
BEAM

2x R

σz ∆

a) IN ELECTRON BEAM DIRECTION b) IN LASERBEAM DIRECTION

θ

Figure 2: Scheme of a gaussian laser beam focused to its diffraction limit scanned over
an electron beam.

of its minimum size is called the Rayleigh range xR and defines the usable length of the
laser wire. The smallest achievable spot size with diffraction limited optics is in the order of
ωo ∼ λ (See the section on laser optics for more details). With Nd:YLF or YAG laser working
at higher harmonics electron spot sizes from σy > 350nm can be measured with high accu-
racy. The laser beam power must be in the order of a couple of MW to yield a few thousand
Compton photons per scan spot. Critical issues of a laser wire design are the diffraction
limited optics, which must withstand such a high beam power and the scanning system, en-
abling intra-train scanning of consecutive bunches.

3.2 Laser Wire (Dipole Mode)

The resolution of the laser wire can be enhanced by generating an artificial transverse dipole
mode by means of a lambda half waveplate, where half of the gaussian is shifted in phase by
90o. Such a waveplate can easily be installed in the optical path of the laser wire and would
enhance the resolution of the device by roughly a factor of two aiming at beam sizes in a
region from 250nm < σy < 500nm.
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3.3 Laser Interferometer

Towards beam sizes in the nanometer range, a standing wave interference pattern generated
by crossing two laser beams has been proposed and successfully tested at the FFTB experi-
ment [8].

CROSSING
ANGLE

x

y

d

ELECTRON
BEAM

INTERFERENCE PATTERN

LASER

Figure 3: Scheme for the generation of an interference pattern with fringe spacing d.

The fringe spacing of the interference pattern (see Fig. 3) depends on the laser wavelength
and on the crossing angle. The electron beam is moved over the pattern and the Compton
scattered photons are detected. If the beam size is small compared to the fringe spacing,
a modulation of the Compton signal is observed which is proportional to the transverse
electron beam size. This modulation vanishes if the beam size is large compared to the
fringe spacing. The smallest observed spot size with this technique was about 58 nm [9].

4 Physics Processes

4.1 Compton Scattering

We collect here some Compton scattering results which are relevant to our analysis. The
relativistic Compton process has been studied in detail elsewhere [10]. Relevant aspects for
our analysis have been presented in Ref. [9]. The Compton cross section σC is related to the
Thomson scattering cross section σ0 = 6.65× 10−25cm2 by:

σC = σ0
3

4

{
1 + ε

ε3

[
2ε(1 + ε)

1 + 2ε
− ln(1 + 2ε)

]
+

1

2ε
ln(1 + 2ε)− 1 + 3ε

(1 + 2ε)2

}
(1)

where ε = γ ω0
me

is the normalised energy of the laser photons in the electron rest frame and
γ is the Lorentz factor associated with the incident electron beam energy Eb (γ = Eb

me
). The

energy spectrum of the emerging gamma rays is given by.

dσ

dω
=

3σ0
8ε

{
1

1− ω
+ 1− ω +

[
ω

ε(1− ω)

]2
− 2ω

ε(1− ω)

}
(2)

with maximum final scattered photon energy of Emax = 2Ebε/(1 + 2ε). The angular distri-
bution of the scattered photons is sharply peaked in the direction of the electron motion and
confined in a cone with opening angle a few times the critical angle αc, which is defined with

αc =

√
1 + 2ε

γ
. (3)

The Compton cross section σC is in Fig. 4 evaluated for two scenarios: One for a typical
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Figure 4: Compton cross section for the first four harmonics of an Nd:YAG laser scan-
ning a 1 GeV (a) and 250 GeV (b) electron beam.

linear collider test facility beam energy (1 GeV), where sub-systems of a LWS will be tested
and for a typical linear collider beam delivery system energy (250 GeV). Currently a Nd:YAG
based laser system is the instrument of choice because of its performance capabilities with
respect to high power and small spot size.

Now that the entire electron bunch sees the laser beam, the number of Compton photons
per electron bunch is given by:

Nγ = Nb
PLσCλ

c2h

1√
2πσs

exp

(
−y2

2σ2
s

)
(4)

where Nb is the number of electrons per bunch, σ2
s ≡ σ2

y + σ2
o the overlap region (Note that

the laser beam radius is defined as ωo = 2σo), and y is the transverse position of the laser
spot. See Fig. 2 for this definitions.

We can now use these results in Eqn. 4 to calculate the peak number of Compton photons
per bunch, Nbunch

C which occurs when the offset y=0

Nbunch
C = Nb

PLσCλ

c2h

1√
2πσs

. (5)

4.1.1 Approximations

Applying the above assumptions together with a bunch occupancy of 6×109 (1 nC) and beam
energy of 1 GeV, gives

Nbunch
C = 303

(
PL

10MW

)(
λ

350nm

)(
30µm

σs

)(
Nb

6× 109

)
(6)

It should be noted that the Compton cross section is at low electron beam energies only a
tiny correction to the Thompson cross section, which is energy independent.. The maximum
final scattered photon energy is Emax = 2Ebε/(1+2ε). Parameters relevant to us give to good
approximation

Emax = (1 + δ) · 6.71 MeV (7)

σC = (1− 0.0136δ) · 6.56× 10−25cm2 (8)

where
δ ≡

[(
Eb

500 MeV

)(
350 nm

λ

)
− 1

]
MeV (9)
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Alternativly
Emax ∝ E2

b /λ (10)

so

Emax ∼
(

Eb

500MeV

)2 (350nm
λ

)
6.7MeV. (11)

4.2 Background Processes

Backgrounds are all processes which lead to an additional energy deposit in the detector
and hence underlay the Compton signal. These backgrounds must be reduced to the extent
that the signal to background ratio can be optimised. This background study is of particular
importance as it can lead to specific experimental strategies eg to build background shielding
or increase the laser power.

Simulations are currently carried out using the GEANT3 [11] FORTRAN based toolkit
which covers electromagnetic interactions down to 1 keV. The physics processes handled
by the toolkit models include photoelectric effects, Compton scattering, bremsstrahlung and
ionisation. Simulations were also performed within the GEANT4 [12] C++ based framework
with a low energy electromagnetic package [13] to extend the energy simulation down to
250 eV. No major differences were found. However, GEANT3 is found to be more stable
than GEANT4 (Version 4.3.0) and so GEANT3 is chosen for the simulations presented below.

Specifically Synchrotron Radiation, beam gas bremsstrahlung, and thermal photons sig-
nals are studied. These three processes are the main backgrounds which produce photons in
the PETRA environment, where we plan to install a laser wire experiment.

4.2.1 Synchrotron Radiation

Synchrotron radiation (SR) occurs when a high energy charged particle enters a magnetic
field and its trajectory is bent. A subsequent loss of energy is observed as an emission of
photons. The critical photon energy Ec is often used to define SR as it marks the spectral
point for which one-half of the total power is irradiated at lower photon energies, and one-
half at higher (see Fig. 5). For a bending magnet with angle θdip and length Ldip the critical
energy is given by [14]

Ec =
3h̄

2
· cγ

3θdip
Ldip

(12)

with γ = Eb/me the Lorentz factor of the particle beam. For the background simulations
the generation of the SR is performed with a Monte Carlo algorithm described in [15] which
makes use of the critical energy and the spectral distribution.
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Figure 5: Photon spectrum for synchrotron radiation and bremsstrahlung.
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The number of SR photons NγSR which are on average emitted per particle in a bunch,
seen by a detector of acceptance width A as illustrated in Fig.6, can be computed using

NγSR =
5α

2
√
3
γ
dL

R
(13)

with R the radius of the dipole magnet, dL the beam length over which photons emitted
tangential to the beam will enter the detector acceptance width A and α = 1/137 the fine
structure constant.

SYNCHROTRON
RADIATION FAN

BEAM TRAJECTORY

DIPOLE MAGNET

R

DETECTOR

A

dL

Figure 6: Beam trajectory in dipole magnet with SR fan and detector.

4.2.2 Bremsstrahlung Scattering

Besides SR the beam can loose particles via interactions with the residual gas in the beam
pipe region. These interactions are elastic and inelastic scattering. At high energies the
bremsstrahlung process is dominant, where beam electrons emit photons while they are de-
flected by the electric field within the gas atom.The resulting gamma-rays produce a contin-
uous spectrum from zero to the energy Eb of the incoming positron as plotted in Fig. 5.

4.2.3 Thermal Photons

A third background component is produced by thermal photons radiation. Thermal photons
originate from the blackbody radiation of the beampipe gas. The radiated photons interact
with the positron beam via the Compton process and then give rise to scattered photons.
The average energy of the radiated photons Eγth is:

Eγth = 2.7kBT ' 2.3 · 10−4[T ]eV (14)

where kB is the Boltzmann constant and T is the absolute temperature of the blackbody
in Kelvin. At room temperature (T ' 300K) the average photon energy is approximately
0.07 eV. The density pγth expressed in number of photons per cubic meter within the beampipe
is given by

pγth =
2.4(kBT )

3

π2(ch̄)3
' 20.2 · T 3 (15)

which for room temperature gives pγth = 5.33·1014/m3. The rate of such collisions per bunch
can then be calculated using

nγth = pγthLbmpNeσT (16)

with Ne the number of electrons (positrons) per bunch, Lbmp the length of the beampipe and
σT the Thomson cross section.
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5 Expected Signals

Using the equations in Sec. 4.1 the expected scattered photon flux NC and maximum scat-
tered photon energy Emax for the different machine options can be computed. Results are
listed in Tab. 2 for a laser peak power of PL = 10 MW and laser spot size of ωo = 1 µm with
λ = 532 nm.

TTF2 PETRA7 PETRA4.5 ATF CTF2 CTF3
NC 254 352 1093 2726 158 228
Emax [MeV] 17.5 777.5 334.6 28.6 0.003 0.514

Table 2: Compton photon flux and maximum photon energy for various machine op-
tions. The number of Compton photons scales with NC ∝ PL · λ · (ω2

o + σ2
y)

−1/2.
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6 Laser System

6.1 Requirements

The laser wire beam profile monitor puts strigent requirements on the laser system to be
used. The requirements for any kind of laser include excellent fundamental mode quality
and diffraction limited performance. The wavelength of the laser should be in the order
of λ ∼ 500 nm (PETRA and TESLA) or even in the UV with λ ∼ 250 nm (TESLA) for
smaller spot sizes and thus higher resolution. The laser peak power should be in the or-
der of Pmax = 3 MW (TESLA) to 1 MW (PETRA) in order to obtain 1000 photons per single
pulse interaction. If a scanning scheme with n pulses per scan spot is desired, the required
laser power reduces to P = Pmax/n. Ideally the laser pulse structure is locked to the pulse
structure of the electron beam. The pulse structure for TESLA and PETRA is depicted in
Fig. 7.
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337 ns
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TESLA PETRA

100 ps

Figure 7: TESLA and PETRA macro pulse structure.

6.2 Options

6.2.1 TESLA

Because of the low duty cycle of TESLA (η = 0.01) a pulsed laser with the same macro pulse
structure seems most apporiate. Roughly 3000 bunches are in one train of which 15k appear
per second. In order to measure across one bunch train a laser with a high repition rate
is required. This could be a laser system like used for the TTF photo injector (see Fig. 8.
Such a laser system is installed at the TTF and delivers E = 100 µJ energy per pulse at
λ = 523 nm with ∆t = 10 ps pulse length. The laser is a mode-locked Nd:YLF laser with
several harmonic generators delivering light in the UV. The repition rate of the laser is frep =
5 − 10 Hz. Since the laser is uesed to illuminate a photo cathode its beam profile is flat
and not gaussian. In order to facilitate such a laser some more R&D work is required to
obtain the required pure gaussian transverse profile. Along this some work is necessary to
reach a compact design of the laser system allowing installation in the accelerator tunnel in
minimum space.

6.2.2 PETRA

The high duty cycle of PETRA (reptition rate frep = 130 kHz) could possibly allow the use
of a cw laser with low average power. Allowing for one second scan time to integrate the
incoming signal requires in the order of P = 10 W laser power. The costs of a 10 W cw laser
unit are in the same order as for pulsed laser system. A pulsed system would consist of a Q-
switched laser with 10 ns pulse length and 100 mJ energy per pulse. Due to the longitudinal
pulse structure of Q-switch pulses (spiking) an injection seed is needed. Such lasers are
widely used in industry and commercially available from many companies..
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Figure 8: TTF photo injector laser system.

6.2.3 Conclusion

For TESLA a multi-pulse mode-locked laser sytem is necessary to enable profile measure-
ments during in one bunch train. For PETRA it is envisaged to start experiments with a
single pulse laser optimizing the signal to noise ratio. To ease trigger and to obtain stability
the cw option should be considered as an extension.

7 Laser Scanning

• Mechanic; linear or rotating system

• Acousto-Optic

• Combination of both

• Other methods

• Slow or fast scan

POSITION
SENSITIVE

DEVICE

DIAGNOSTICS
MIRROR

LENS
SYSTEM

VIEWPORTVIEWPORT

SCANNING
MIRROR

FAST

ALIGNMENT
MIRROR
SLOW

Figure 9: Schematic layout of a scanning system.

8 Detector and DAQ

8.1 Compton photon detector

The requirements for a photon calorimeter are listed below:
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• Short decay time < 1000 ns to avoid pile up effects in the material (1MHz bunch fre-
quency).

• Radiation hardness to survive operation in synchrotron radiation environment.

• High resolution and high light output to obtain a good signal to noise ratio.

• Small Moliere radius to obtain a small shower in transverse dimension to limit the re-
quired space for the detector.

The energy deposit in the detector from the Compton process can be estimated by taking
the total number of photons multiplied with the mean energy of the photon spectrum. For
the PETRA case with 4.5 GeV electron beam energy this results in Edep = 183 GeV. This
energy is confined in a cone with opening angle a few times the critical angle of the Compton
photons which is for the above case αc = 0.12 mrad. On top of that energy from background
processes such as multiple gas scattering and synchrotron radiation has also to be taken in
account.

Among the materials meeting these requirements are scintillating glass (Ce+) and lead
tungsten crystals (PbWO). Lead tungsten crystals are favourable because of positive results
from Compton polarimeter experiments at CEBAF [16]. The individual crystals of the de-
tector matrix are read out by standard photomultiplier tubes supplied with positive high
voltage.

8.2 Scattered Electron Detector

8.3 Data Acquisition

15



9 Laser Optics

9.1 Basics

One important aspect of the Laser wire project is the laser optics. The focusing optics must
be able to focus the laser beam to appropriate spot size ωo and with confocal parameter
b = 2zR for using it as a laser wire. For the focusing system, an aberration corrected optics
design must be developed to focus the intense laser beam inside the electron beam chamber.
Special care must be taken in order to avoid damage on any optical components caused by
high beam power.

9.1.1 Laser spot size

The laser beam is focused to a small spot size ωo. There are a number of factors that affect
spot size. The most important are the diffraction limit, the transverse mode quality M2, and
the spherical aberration. Two contributions to the spot size are defined. One contribution
comes from paraxial optics, which is the gaussian spot size. The other contribution is due to
aberrations, mainly spherical, which is present as a function of lens shape, orientation and
index of refraction.

From accelerator considerations one supposes an electron bunch with a gaussian distribu-
tion of particles in the plane transverse to the bunch velocity. Before starting with spot sizes,
let us see how a gaussian beam is defined and what is exactly the waist of a beam. The term
Gaussian refers to the illumination intensity of the beam. The intensity is symmetric around
the beam axis and has a gaussian shape described by

I(r) =
2P

πω
· exp

(
−2r2

ω2

)
(17)

where r is the radial distance and ω the radius of the beam at the 1/e2 point of the intensity,
commonly called the beam spot size or 1/e2 criterion. The beam radius is related to the
RMS spot size by ω = 2σ. The spot size contains approximately 86% of the total power in a
gaussian beam. If we want the spot size to contain 99% of the total power we need to go to
r = πω.

9.1.2 Gaussian optics

When results of paraxial optics (on-axis) are applied off-axis, the theory is known as Gaus-
sian optics. In this case, a gaussian shaped laser beam is focused to a small gaussian spot
size radius ωo. The minimum achievable spot radius is given by the diffraction limited beam
waist (TEM00 or M2 = 1 mode) [17]:

ωo =
λ

πθ
(18)

where λ is the wavelength of the laser and θ the divergence or half opening angle of the
laser beam at the waist. If the beam travels in x-direction, the propagation of the waist is
described by

ω(x) = ωo ·
√
1 +

(
λx

πω2
o

)2

= ωo ·
√

1 +

(
θx

ωo

)2

(19)

Another important parameter to be taken into account is the distance a collimated gaussian
laser beam can propagate without spreading significantly. This is important because we
need the laser to be collimated in a region comparatively longer than the electron beam
dimension parallel to the laser beam. The distance travelled by the beam before the beam
diameter increases by

√
2 is called the Rayleigh range xR and is defined with

xR =
ωo

θ
=

πω2
o

λ
(20)
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The Gaussian laser beam is an idealisation which is never reached in practise. A real laser can
be well described by a diffraction limited Gaussian beam, and a quality factor M2 is defined
as the relative beam size and divergence with respect to the diffraction limited Gaussian
beam. Therefore, the quality factor M2 enters Eq. 18 and we obtain the gaussian spot size for
a laser mode M2

ωo =
M2λ

πθ
(21)

In terms of requirements for beam size measurements, let us consider an horizontal scan of
the electron beam, as shown in Fig. 2. In this case σy must be aligned perpendicular to the
direction of the laser beam. A transverse laser beam size at the interaction point less than
half the vertical dimension of the electron beam, ω0 < σy and a Rayleigh range greater or
equal than the horizontal dimension of the electron beam xR ≥ σx are necessary to reach a
good resolution in using the laser beam as a spot monitor. An equivalent argument is valid
for the electron beam transverse dimension σx.

Since the embedded laser radius is defined in the 1/e2 criteria, when a gaussian laser beam
of radius ωin is focused by a lens of focal length f , the divergence θ of the beam can be well
approximated in thin lens theory by θ ' ωin/f . The f -number f# of a focusing lens is defined
as the lens focal length divided by the filled diameter at the lens, f# = f/D. Since we are
talking about the filled diameter at the lens, here it is more convenient to use the 99% criteria,
that is D = πωin. Using this definition the diffraction limited spot size, Eq. 21, can be set as
a function of the f -number:

ωo ≈ M2λf# (22)

Therefore, the smaller the f -number the smaller the spot size ωo. Diffraction is an inescapable
result of the wave nature of light; it places a limit on the performance of an optical system.
Diffraction causes light beams to spread transversely as they propagate. The most important
thing to note about diffraction is that it increases linearly with focal length but is inversely
proportional to the beam diameter.

9.1.3 Real optics

If a perfect lens is used to focus a collimated beam, the spot size is limited only by diffraction.
But a real optical system can not be simulated using only paraxial optics. One has to take
into account lens shape. In terms of spot size, the most important aberration is the so called
spherical aberration. This kind of aberration occur when, tracing rays far from the axis, the
image rays converge closer to the lens than the gaussian focal point. This situation is shown
in Fig. 10. Spherical aberration has the effect of increasing the spot size as well as causing the
best focus to occur at different location than the calculated focal length. Spherical aberration
is a function of lens shape, lens orientation and lens index of refraction.

The exact spot size for a given lens and circumstances must be determined by raytrac-
ing, but there is a useful formula for determining an estimate of spot size due to spherical
aberration

ωsph =
kD3

2f2
=

kD

2f#2
(23)

where k is a function of the shape of the lens, the index of refraction of the lens and the
wavelength of the laser. In this formula the spot size due to the spherical aberration is pro-
portional to the cube of the beam diameter and inversely proportional to the square of the
focal length.

The diffraction contribution to spot size is independent of lens shape, while the aberration
contribution is dependent on lens shape through the parameter k. Therefore it is mainly
when the aberration contribution becomes important that lens shape becomes important,
and that happens at low f -numbers. The spot size contribution due to diffraction (Eq. 22)
increases with f# while the spherical aberration spot size (Eq. 23) decreases with f#. Adding
up the two contributions may not be very rigorous, but it gives a conservative estimation for
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MARGINAL
RAY FOCUS

PARAXIAL
RAY FOCUS

LONGITUDINAL SPHERICAL
ABERRATION

CIRCLE OF LEAST
CONFUSION

Figure 10: Spherical aberration has a longitudinal and transverse component. The longi-
tudinal spherical aberration reduces the focal point respect to the paraxial ray
focus. The transverse spherical aberration produces an increase in the spot
size. The circle of least confusion is the point where the maximum concentra-
tion of rays is found in the minimal spot size; that is the real focus.

the real spot size. Therefore the minimum achievable spot size for a given lens is obtained
through a compromise between the focal length f and the diameter of the input beam D.

9.2 Requirements for PETRA and CTF2 experiments

The focus optics should enable basic scanning and measurement of the transverse electron
beam size at the CTF2 with reasonable resolution. To achieve a minimum resolution in the
order of half the beamsize under measurement σy the laser focus should not exceed the
electron beam size σo ≤ σy. The electron beam is assumed to be round with dimension
σx,y ' 200 µm. This leads to a spot size of σo = 5 − 10 µm. Even with a poor quality of the
fundamental mode (M2 ≤ 20) the laser spot size is in the order of the electron spot size.

The focal length of the optics should be BFL ≥ 150 mm in order to incorporate a folding
mirror for diagnostics in the path between optics and best focus. .

In addition the optics system should be easy to align, be durable, contain a minimum
number of elements, and be cost effective.

9.2.1 CTF2

The scanning will be provided by stepping motors on which the whole optics system (scan
mirror, lens and diagnostics mirror) is mounted. Subsequently there is no need for a telecen-
tric design. Furthermore the system must be able to withstand the high peak power of the
proposed laser (100 MW at 10 ps pulselength with λ = 1.064 µm)

9.2.2 PETRA

For the PETRA a different scanning system is planned. Options are a acousto optic or a piezo
driven system. Depending of the size of the scanning device, the scanner can be mounted
either before or after the focusing lens. The laser power at PETRA will be much lower than
at CTF2, since only 2 MW peak power are necessary to obtain 1000 photons per interaction.
Currently a ns pulsed laser with less than 10 MW at λ = 532 nm is projected.

9.3 Options

Various lens system have the capabilities to conform with the requirements listed above.
Under investigation were single lenses, telescopes, cemented and air-spaced achromats, and

18



off axis parabolic mirrors.
Single lenses and telescopes were rejected because these techniques cannot provide diffrac-

tion limited performance with the required spot size. Cemented achromats are not usable
in our case because of damage threshold issues. The damage threshold for an average ce-
mented achromat is 750 MW/cm2 for cw laser and 0.75 J/cm2 at 10 ps for pulsed lasers.

9.4 Simulations and Results

Simulations using the ray tracing code ZEMAX were performed in order to evaluate different
focus optics options. The problem with the code is that it ignores interference and diffraction.
Ray tracing is based on light propagating along straight rays through homogeneous media.
ZEMAX determines the geometrical spot size as the minimum RMS spot radius. In addition,
ZEMAX can calculate the propagation of an embedded gaussian beam using the diffraction
limited techniques mentioned in the previous section. Since we are interested in the spot size
produced by an optical system, we can make good estimation of it by adding up the gaussian
spot size (gaussian calculation) and twice the RMS spot radius (geometrical calculation) in
quadrature

ω2
o =

√
ω2
gauss + (2σrms)2 (24)

9.4.1 Achromats

The lens systems under investigation are listed in Tab. 3 and the setup used for the simula-
tions is sketched in Fig. 11. All systems perform within 3% variation in a common manner.
In Fig. 12 the results for the Linos lens system is plotted.

The achievable spot size scales linearly with M2. Even with M2 = 20 the spot size is
σo = 200 µm (Note: ωo = 2σo). With a 2.5 mm input beam radius this results in a Rayleigh
Range of zR = 800 µm, which is sufficient for the experiment. While all lenses show almost
the same performance optically, the damage threshold differs due to different coatings and
lens material. The CVI lens damage threshold is already not sufficient, leaving the Linos and
OptoSigma lens as two alternatives. Ghosting analysis to second order bounces has been
performed with all lenses. With the setup as depicted in Fig. 11 no ghost spot have been
found inside the lenses. However, a full simulation including all optical elements from the
spatial filter on are necessary to identify possible sources for higher order spots.

INPUT
PLANE

LENS
SYSTEM

BEAM
AXIS

SCANNING
MIRROR

DIAGNOSTICS
MIRROR

VIEWPORTVIEWPORT FOCUS

Figure 11: Setup used for simulations with ZEMAX. The lens system defines the space
for the system under investigation.

The quoted air spaced achromats can handle up to 10 J/cm2 for 10 ns long pulses. For
a pulse with a given energy the damage threshold scales with the inverse square root of
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Provider Part BFL [mm] Material Damage [J/cm2] Price
OptoSigma 027-0180 143.8 ? 8 830.00 EUR
Linos 03 8910 151.99 K5, SF2, and SF11 10 535.00 EUR
CVI LAP 150 30 141.70 SF11 5 783.50 EUR

Table 3: Air spaced achromats under investigation. All systems are available with anti-
reflective coating for IR light and in stock at the supplier. Damage threshold
numbers are given for 10 ns long pulses.
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Figure 12: Results from ZEMAX simulations with the Linos achromat at λ = 1.064 µm
and λ = 532 nm. Circles show simulated points, the line is a fit using spot size
equations. The calculated spot radius is ωo at 1/e2.

the pulse length. This relation is deduced from the equation of heat transfer and has been
proved for pulses with length above 1 ns. For pulses below 1 ns the damage threshold should
be constant because the pulse is much faster than the heat transfer so that no heat can be
transported out of the irradiated area during the pulse (Source: Linos). If we scale the pulse
length from 10 ns down to the given 10 ps by the inverse square root relation, we should
have a worst case estimation. We get a value of 0.316 J/cm2 as a worst case estimation. The
laser energy coming from the spatial filter is 1 mJ with M2 = 1. For a 2.5 mm beam radius
this gives 0.040 J/cm2 (using σ = ω/2), a factor of eight lower than the damage threshold.

9.4.2 Parabolic Mirrors

Off axis parabolic mirrors provide true diffraction limited performance and a higher damage
threshold. The main drawback of these mirrors is the high sensitivity to alignment. In the
following some mirrors from Janos Technology are investigated against their use at the CTF2
laser wire laser focus. See Tab. 4 for details on these and Fig. 13 for results concerning their
diffraction limited performance.

Mirrors can cope with beam power up to GW/cm2 giving a good argument to use a
parabolic mirror.

It seems that off axis parabolic mirrors may be useful for the laser focus since their perfor-
mance is highly compatible with the air spaced achromats. A possible setup to use mirrors
at the CTF2 laser wire is sketched in Fig. 14

9.5 Discussion

Both systems, air spaced achromats as well as parabolic mirrors, offer performance character-
istics within the requirements for the laser wire experiments at CTF2 and PETRA. However,
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Part Diameter [mm] f Parent [mm] Effective FL [mm] Price [USD]
A8037-262 50.80 38.10 76.20 332.00
A8037-202 50.80 50.80 101.60 332.00
A8037-206 50.80 76.20 152.40 332.00

Table 4: Characteristics of some parabolic mirrors from Janos Technology. All mirrors
are made of aluminium with gold coating. The reflectivity for IR light is 99%.
The spot size can be calculated using the effective focal length.
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Figure 13: Performance of off axis parabolic mirrors with three different focal length.

there are differences between the systems. While the achromats are easier to operate, the
alignment of the parabolic mirrors demands more labour. Simulations with ZEMAX show
that the spot size at the focal length increases for tilts in elements of the optical line. Allow-
ing a tilt of ±0.5o increases the spot size by 1% for the achromats and by a factor of three
for the parabolic mirror. Tilting by ±1o increases by 2% for the achromats and by a factor
of six for the parabolic mirror. From the damage threshold point of view, all options are us-
able. It should be mentioned that the mirror requires gold coating since the standard metal
surface is not suitable for high power lasers. The most cost effective focus elements is the
Linos achromat followed by the mirrors leaving the other two achromats, from OptoSigma
and CVI, the most expensive alternative. Combining all these arguments indicate that the
Linos air spaced achromat provides the most efficient focus.

9.6 Next Steps

After decision on which system will be used at both experiments is necessary to verify the
performance of the system, including the viewports, using the test bench at RHUL. Further-
more more detailed information about the incoming laser beam characteristics (above all M2)
should be provided to enable better estimates on the system performance.

10 Laser Optics Measurements

Spot size measurements with the proposed lens system (Linos HALO) were done in order to
study the focusing, beam propagation around the best focus, and tolerances. Measurements
include spot size scans with and without a viewport window. The aim was to achieve an
error of less than 2 % on the local spot size enabling comparision with ZEMAX simulations.
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Figure 14: Setup using parabolic mirror to focus the incoming laser beam into the beam
chamber.

10.1 Strategy

Knife edge scans with a piezo driven razor blade were chosen as measurement technique
because of the simplicity of the measurement and the high precision.

Among other techniques are pinhole scans or slit scans. These methods are unable to mea-
sure spot sizes in the sub-µm range with the required precision and do not conform with
ISO standards. With the pinhole method and small aperture is moved between the laser
beam and a large-area photo detector. The photo current versus the distance is the profile.
A general rule of thumb is that the aperture should be between 1 % and 30 % of the smallest
spot to be measured. Real world decisions often skew the decision to values approaching
30 %. With the knife edge technique a sharp edge is passed between the beam and a photo
detector, the knife edge scan (photo current versus distance) trace must differentiated. This
can either happen electronically or numerically on the data. Another possibility is to fit di-
rectly the integral over the beam distribution to the data in order to obtain the beam size.
The last possibility has the disadvantage that one assumes already a specific kind of distri-
bution such as gaussian. But a pinhole reveals the true intensity distribution for any beam,
gaussian or not. The drawback of the pinhole is that it must be accurately positioned in two
dimensions relative to the beam; achieving this is often time-consuming. The disadvantage
of a knife edge is the large range of powers reaching the detector in the course of a single
measurement. Both methods suffer from diffraction effects from the aperture. These have to
be counteracted, for example with a focusing lens.

Since the beam spots under investigation are in the µm range the knife edge techniques
was chosen.

10.2 Measurement Setup and Procedure

In Fig. 15 the measurement setup is sketched. The laser light coming from the green HeNe
laser1 is first guided with a mirror to a collimator. The collimator is a Keplerian telescope
consisting of two plano-convex lenses2 with a magnification factor of almost six. After mag-
nification the enlarged laser beam is bend by another mirror before arriving at a flat beam
splitter, where half the power is guided into a Michelson interferometer while the other half
passes another mirror before going through the the focusing lens. The beam power going
into the interferometer arm is split up again with a cubic beam splitter. One part of the light

1Melles Griot 25 LGP 193, 1 mW output power, 0.88 mm beam diameter, 0.81 mrad beam divergence, linear polarised
2Newport KPX 082 with f = 50.2 mm and KPX 300 with f = 300 mm
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Figure 15: Measurement setup used for spot size scans. On the left the complete
overview and on the right the scan and interferometer unit zoomed.

is reflected by the mirror with the knife edge mounted on before it is recombined again with
the other half and detected by a photo detector. The photo current is read out by signal pro-
cessing electronics and converted into a voltage signal. Following the the focusing lens the
focused beam is collected by another photo detector with similar readout. The knife edge
together with its mirror is moved by a piezo electric driven screw in forward and reverse di-
rection through the laser beam as sketched in Fig.16. The knife edge is a shaving razor blade
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Figure 16: Knife edge section of the measurement setup.

with an edge roughness of less than 0.2 nm. The two photodetector signals are fed into an
ADC card which is plugged into a PC running a LabView application, which also controls
the movement of the piezo driven screw. With the interferometer readout it is possible to
calibrate the movement of the piezo driven screw with very high precision. The average
step width if the piezo driven screw is in the order of 20 nm depending on the load of the
screw and hysteresis effects.

For one complete scan the beam profile was measured in forward and reverse direction
at eleven longitudinal positions of the focusing lens. This was repeated with a viewport
window in the beam path between focusing lens and knife edge.
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10.2.1 Interferometer

Beforehand each measurement cycle the interferometer arm had to adjusted to get the center
of the interference pattern centered on the photo detector. An aperture was then placed in
front of the detector to enhance the contrast of the light shining on the photo diode area. The
top plot of Fig. 17 shows normalized data for a fraction of the path the piezo driven screw
was moved while scanning one laser beam slice. On the average 10000 points were scanned
for one slice. The distance between two minima or two maxima is λ/2. The detected voltage
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Figure 17: Interferometer raw data and anlysis plots. Top: Normalized data from the
photo detector. Middle: Voltage values converted into position moved by
piezo driven screw plus straight line fit. Bottom: Residual plot of position
moved per step.

while moving the mirror with the knife by distance d is

VDI = VoI

(
1 + cos

(
4πd

λ
+ π

))
(25)

so the distance ∆d the piezo driven screw with the razor blade moved each step is then

∆d =
λ

4π
arccos

(
∆VDI

VoI

)
(26)
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The middle plot of Fig. 17 shows the periodically changing voltage VDI converted into dis-
tance covered d versus the data point number. A straight line fit is applied to extract the
average step width of the piezo driven razor blade. For analysis of the knife edge photo
detector data the position information was used directly not the average step width.

10.2.2 Knife Edge Scan

In Fig. 18 the output of the photo detector on the knife edge side is depicted. The data reflects
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Figure 18: Photo detector output versus transverse position for one laser beam slice.

the integral of the the transverse laser beam distribution. Assuming a gaussian distribution
the voltage data VDK can be fitted using the errorfunction according to

VDK = VoK + V1K · erf
(
x− xoff√

2σ

)
(27)

where x the transverse position, xoff the transverse offset from center position, and σ the
laser beam waist RMS radius. Such plots as in Fig. 18 were obtained for eleven different lon-
gitudinal position along the laser beam focus. Furthermore data was taken with an without
viewport window. The propagation for the these two cases is depicted in Fig. 19 The focus
for the scenario with viewport window is shifted towards the photo detector.

10.2.3 Results

The propagation of the beam envelope σ(z) along the longitudinal axis z is described by

σz = σo


1 +

(
M2λ(z − zoff )

4πσ2
o

)2



1/2

(28)

where σo describes the minimum beam size. This function was fitted to the data obtained
from the complete scans with and without viewport. Free parameters for the fit were the
longitudinal offset zoff and the minimum beam size σo. The mode quality is M2 = 1.03 for
the laser used in our experiment. This can be calculated from the inital beam paramters at
the laser head exit and are do = 0.88 mm for the beam diameter at the 1/e2 points and θ =

25



3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5
0

5

10

15

20

25

30

LONGITUDINAL POSITION [mm]

S
P

O
T

S
IZ

E
 [µ

m
]

LASER BEAM PROPAGATION

← with viewport

without →

Figure 19: Propagation of the beam envelope with and without the viewport window.

σo [µm] zoff [mm]
with viewport 5.34± 0.02± 0.07 5.79± 0.01± 0.08

without viewport 5.21± 0.03± 0.07 6.62± 0.01± 0.08

Table 5: Results for the minimum beam size and longitudinal offset with and without
viewport window. The values are grouped with their statistical and systematical
error.

0.81 mrad for the beam divergence. Results for the free parameters are listed in Tab. 5 For the
minimum spot size the main contributor to the systematical error are diffraction effects from
the razor blade edge. These will be further investigated in Sec. 10.3. The systematical error of
the longitudinal offset is dominated by misreading of the mechanical micrometer screw the
lens system is attached to. Surprinsingly the spot size seems to shrink a little bit when the
viewport is added to the beam path as one would expect that the viewport material would
defocus the beam. Within error margins the two spots (with and without) overlap. It should
be mentioned that the spot slices without viewport window were measured in forward and
reverse direction while the spot slices with the viewport windows were measured only in
forward direction. At the start of the reverse measurement the piezo driven screw broke
down due to a technical failure. Some more investigation is necessary to verify this effect.

The focal spot is moved by ∆zoff = 0.83± 0.01± 0.08 mm when the viewport is inserted.
As a rule of thumb any spot moves by one third of the thickness of any flat inserted into a
focused beam. Since the viewport has a diameter of t = 2.50 mm this value agrees nicely.

10.2.4 Input Beam

The input beam radius was measured by removing the focusing lens out of the beam path.
It was measured to have a radius of σin = 1.227 ± 0.02 mm, where the error reflects the
statistical error.
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10.3 Diffraction Effects

In order to calculate the intensity measured in the photodiode as a function of position of the
razor, we need to include any diffractive effects. Referring to Fig. 20, x is the position of the
razor with respect to the optical axis of the system, where L is the distance between razor
and photodiode, which in our case is L = 12.5 cm. The wavelength of the laser light used is

y
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gaussian σ
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p
∆

Razor Blade

Laser beam
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RAZOR BLADE

y x
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Figure 20: Schematic of the layout of the beam waist measurement illustrating the terms
used to calculate Fresnel effects.

λ =532 nm. The intensity I of the laser light is given by:

I = I0 exp(−
y2

2σ2 ) (29)

where σ is the gaussian width of the beam and y is the distance of the point of measurement
from the optical axis. The value of σ depends on the position of the lens and varies, for
the laser wire measurements, from a minimum of approximately 5 µm at the laser waist, to
about 1 mm for the input parallel laser beam.

The amplitude A of the electromagnetic wave at a point on the photodiode that is a dis-
tance p from the optical axis is given by:

A(y, p) = A0 exp(−
y2

4σ2
) exp(i

2π

λ
r) (30)

where
r =

√
L2 + (p− y)2 (31)

Integrating Eq. 30 over the aperture defined by the position of the razor gives Atot(x, p) =
ARe(x, p) + iAIm(x, p) where

ARe(x, p) = A0

∫ x

−∞
e−

y2

4σ2 cos

[
π

λL
(y − p)2

]
dy (32)

AIm(x, p) = A0

∫ x

−∞
e−

y2

4σ2 sin

[
π

λL
(y − p)2

]
dy (33)

The total intensity at p is :
I(x, p) ∝ |Atot(x, p)|2 (34)

The results for two cases were evaluated numerically. Firstly the case of a large beamspot
size σ=1 mm, shown in Fig. 21.

Here the effects of Fresnel diffraction are clearly apparent, reflecting the change in phase
seen at a point on the photodiode across the 1 mm-size wavefront at the razor. How-
ever, although the intensity fluctuates locally, the integrated power at the photodiode is not
changed. This was checked by evaluating numerically the resulting photodiode output VPD,
given by:

V (x)PD ∝
∫ ∆

2

−∆
2

I(x, p)dp (35)
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Figure 21: Left: Intensity as a function of transverse position along the photodiode for
a beamspot size of 1 mm. The effects of Fresnel diffraction are clearly visible
and must be integrated over the surface of the photodiode. Right: Intensity as
a function of transverse position along the photodiode for a beamspot size of
5 µm. The effects of diffraction are effectively to expand the gaussian width
at the surface of the photodiode .

Turning to the case of a 5 µm value of σ, the situation is different. In this case the spot size
is so small that there is negligible phase variation across the spot at the razor as seen by a
point on the photodiode. In this limit, the diffractive effect is to produce a gaussian intensity
distribution at the photodiode, with a greater width corresponding to the smaller effective
aperture set by the razor position. The integral of Eq. 34 was evaluated numerically and the
results are shown in Fig. 21.

In the case of an infinite sized photodiode, the increased effective width of the gaussian
would not matter. However the photodiode used was circular with total area 100 mm2,
corresponding to a radius of ∼5.6 mm. The integral of Eqn. 35 was evaluated numerically
assuming a square photodiode with various values of ∆, to give the resultant intensity as
a function of x, corresponding theoretically to the measured photodiode output. By fitting
this function to that expected for a gaussian beam profile, the expected σmeasured is obtained
for each value of ∆. By comparing this to the true value of σtrue=5 µm, an estimate of the
systematic error due to diffraction is obtained. The results are shown in Fig. 22 as a function
of ∆, the photodiode transverse dimension. Given that the diameter of the photodiode used
is ∼ 1.2 cm, it is clear that the measurement is becoming sensitive to diffractive effects,
where the effect could be of order 0.04 µm. Allowing for some conservatism and for the
assumption used above of a square photodiode, this study suggests that a systematic error
of order 0.05 µm should be attributed to diffractive effects for the smaller spot sizes.

10.4 Comparison with Simulations

The simulation with ZEMAX included the full beam length, the beam expander, and the
focusing lens. For input beam the paramters from the manufacturer were chosen. This
results in an input beam radius of σinZ = 1.305 mm against a measured value of σin =
1.227 ± 0.02 mm. For a beam expander build with a telescope it is important to have the
correct distance between the two lenses. The measurement setup allows only a very coarse
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Figure 22: The effect of varying the effective size of the photo detector, assuming a
square detector of width ∆ .

longitudinal alignment of these elements which may lead to this discrepancy. Another effect
could arise from the laser output devlivering a beam not quite according to specifications.
Anyway with the given setup and under the assumption of an ideal spacing of all elements
a minimum spotsize of σoZ = 5 µm can be achieved. In the next step the measured input
beam radius was chosen as inital beam paramter for the simulation, resulting in a minimum
spot size of σoZ = 5.35 µm. The effect of the viewport window was found to be negligable.
The longitudinal shift of the minimum spot was simulated as change in the back focal length
∆BFL = 0.79 mm (measured ∆z = 0.83± 0.08 mm).
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11 Experiment at PETRA

In this section information on the on-going efforts for a laser wire experiment at the PETRA
(Positron Electron Tandem Ring Accelerator) machine at DESY is gathered.

11.1 Experimental Layout

PETRA is a storage ring for electron and positrons, serving as pre-accelerator for the HEAR
complex. It is planned to upgrade the machine in the near future enabling linear collider
related damping rind studies. In its current state the accelerator is able to store electrons or
positrons at 4.5, 7, and 12 GeV. with a beam lifetime of at least 10 hours. It can also provide
a minimum bunch separation time between 480 and 192 ns with a bunch charge of the order
of 1010 particles per bunch (see Sec. 5 for a full list of PETRA parameters), parameters similar
to those foreseen for TESLA.

In May 2001 preliminary background measurements were performed at 4.5 and 7 GeV in
two different locations (see Fig.23). These locations are foreseen to be two options for the
future detector of the laser wire experiment. Location 1 (LOC1) is based at the beginning
of a straight section behind a dipole whereas location 2 (LOC2) is situated approximately
98 m away at the end of the straight section. The detector in LOC2 is positioned behind a
dipole and placed between a short vertical magnet and a quadrupole. The pressure inside
the beampipe is measured using seven pressure monitors lying along the straight section.

e+
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DIPOLEQ0NDETECTOR

DIPOLE

QUAD

98 m6 m

LOC1
LOC2

U = 2.3 km

U = 6.3 km

HERA

HERA
PETRA

PETRA

Figure 23: Schematics of the PETRA accelerator within the DESY complex and zoom
into the straight section with the two detector locations.

11.2 First Background Simulations

A close experimental setup is displayed in Fig.24. The photons produced enter the alu-
minium wall of the beampipe and are then detected. The simulation setup includes a vac-
uum beampipe, a dipole, an aluminium beampipe wall and a detector as shown in Fig.24.
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Figure 24: Close experimental and simulation setup.

11.2.1 Synchrotron Radiation

Synchrotron Radiation backgrounds were simulated using the methods described in Sec. 4.2.1
for two PETRA electron beam energies. The critical photon energies are 1 keV (for 4.5 GeV)
and 4 keV (for 7 GeV) and the number of emitted photons per positron is 0.231 (for 4.5 GeV)
and 0.360 (for 7 GeV). The contribution of SR photons to the overall background spectrum
is shown in Fig. 25.

11.2.2 Bremsstrahlung

Simulation over 130000 bunches (corresponding to 1 sec measurement time) is performed
with GEANT3 including a straight section of 10 m length for LOC1 and 98 m for LOC2.
The vacuum pressure inside the beampipe is set to 1.5 · 10−9 mbar. The contribution of
bremsstrahlung photons is shown in Fig. 25.

11.2.3 Thermal Photons

The Compton photon energy contribution of thermal photons is shown in Fig. 25 with a
maximum energy of approximately 10.8 MeV and 26.2 MeV for positron beam energies of
4.5 GeV and 7 GeV respectively.

11.2.4 Simulation Conclusions

Backgrounds have to be added in such a way that the contribution from two or more pro-
cesses is allowed in one event. This is performed using an algorithm calculating the resulting
energy 〈Etot〉 from two or more processes, as described below.

31



The background processes are considered independent. For two backgrounds a and b,
〈Etot〉 is calculated using the following equation

〈Etot〉 =
∫ ∞

Etot=0
Etotf(Etot)dEtot =

∫ ∞

Etot=0

∫ Etot

x=0
fa(E − x)fb(x)dx dE (36)

where fa and fb are respectively the probability density function of backgrounds a and b, Etot

is the total energy of the resulting event (energy from process a plus energy from process b).
A third process can be added by considering a + b as an other single process. Results of the
various background simulations are depicted in Fig.25 for an energy range between 0 and
600 keV. The results have pointed out that the expected number of events detected µ follows
a Poisson distribution because of the low number of photons reaching the detector. Thus, for
each background processes the probability Pn for n photons detected after a single bunch is
given by

Pn =
µn

n
e−µ (37)

Results from SR simulation have shown that a negligible number of photons go through the
beampipe material at 4.5 GeV (upper limit ≈ 1 · 10−15 photons per bunch), but at a beam
energy of 7 GeV peaks are observed. Due to Poisson statistics a high peak is obtained when
no photons are observed, and following peaks arise for cases when one, two or more photons
reach the detector. Beam gas bremsstrahlung results show that photon spectrum covers the
whole range of energy studied.

11.3 First Background Measurements

11.3.1 Detector Setup and Calibration

Background measurements were carried out at both locations using a CsI(TI) crystal of size
15 × 15 × 100 mm3 glued to a photomultiplier Hamamatsu R268. The light-tight box, as
shown in Fig.26, containing the crystal and the photomultiplier was positioned tangential
to the beampipe and 30 cm away from the dipole magnets to avoid any electromagnetic ef-
fects on the detector. As depicted in Fig. 27, the signal from the photomultiplier is sent via
a charge sensitive pre-amplifier to a shaping amplifier. The bipolar output of the shaping
amplifier is used to generate a clock signal via a discriminator and a gate/delay unit while
the unipolar output is connected to an analog/digital board. The calibration was achieved
with the 662 keV peak of a Cs137 radioactive source. An attenuator connected between the
test pulse and the pre-amplifier was used to obtain the pedestal and hence check that the
pedestal corresponds to an energy of zero keV in the final A/D board. Analysis of the cali-
bration data gives an energy resolution of approximately 4%.

11.3.2 Measurements Results

Results of the measurements at both locations with two beam energies are plotted in Fig. 28.
SR and residual gas bremsstrahlung, described in the simulation section, are the two domi-
nant background sources. At 4.5 GeV in both locations the energy of the photons covers the
whole measurement spectrum, only photons from gas residual bremsstrahlung reach the de-
tector. In LOC2 more photons are detected. At 7 GeV in both locations peaks are observed at
n · 60 keV for integer n, which is the signature of SR. However, in LOC1 more photons from
this process are observed. A high peak is also found at zero keV in the various figures which
correspond to the case where no photons are detected and the acquisition is triggered on by
the beam crossing. This is in accordance with Poisson statistics.

11.3.3 Comparison Measurements with Simulations

A study of the expected number of events µ detected for the overall background simulation
is performed. This lead to a study of µ as a function of the effective aluminium beampipe
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Figure 25: Simulation results for the three background processes under investigations
for two beam energies and locations over 1 second observation time (130000
bunches).

thickness which is seen by the photons. For the overall backgrounds and measurements,
normalised to the number of bunches Nbunch = 130000, the expected number of events µ is
calculated using:

µ = − ln
Nγ0

Nbunch
(38)

with Nγ0 the number of events in the zero photon peak. The analysis shows that the photons
in location 1 have to go through approximately 145 mm of beampipe material (aluminium)
whereas in location 2 the thickness of material is equivalent to 165 mm. For the effective
beampipe thickness defined above at location 1 and 2 the number of events can then be
computed and compared to the measurements performed over 130000 bunches as shown in
Tab.6. A good agreement is observed between the simulation and the measurements for an
energy range between 20 and 600 keV. However, it has to be noted that at a beam energy
of 4.5 GeV the expected number of events calculated using the peak at zero photons for
simulated data is much lower than µ calculated from the measurements. This indicates that
less events have to be expected for measurements over the energy range extended to the
maximum event energy in comparison to the simulation calculations and provides an upper
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Figure 27: Readout electronics for the CsI crystal.

limit given by µ for the simulation.

11.4 Full Background Simulations

In the next step, the results from the analysis for energies up to 600 keV (Upper energy
threshold for the first detector setup) have to be redone for energies up to the actual beam
energy in order to accommodate the possibility of an energy detector acceptance with cov-
ers the whole energy range. An upper limit would be the Compton peak of the signal at
350 MeV. A material which would enable the measurement of such photons would be PbWO
(Lead-tungsten). It is planned to perform a second set of background measurements at the
end of 2001 or beginning of 2002. Preliminary results for the full background simulations are
shown in Fig. 29.

11.5 Signal plus Background

When scanning the electron beam with the laser, several scattered photons are produced.
The number of which, Ngen, can range from a few to thousands. For a variable number of
photons produced, simulation of the Compton signal at a beam energy of 4.5 GeV is studied
using an effective aluminium material thickness of 145 mm. The average energy of the de-
tected photons is 158.2 MeV and approximately 36% of the photons produced are contained
in a cone of 2 · 10−3 steradians, while the remaining 64% are scattered away due to interac-
tions with the beam pipe material. The collected 35% of the photons contain roughly 80%
or the produced energy. The contribution of background is calculated using the algorithm
described in the previous section. An example of the resulting spectrum of the energy in the
calorimeter including all backgrounds is displayed in Fig.30.

In the following the photon energy entering the detector over each bunch crossing is stud-
ied as a function of the number of scattered photons which are generated in the laser beam
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Figure 28: Background measurements data taken over 1 second measurement time cor-
responding to 130000 bunches.

interaction. This leads to a study of the resolution ∆Esd/Esd of the smeared signal plus
backgrounds distribution, which is a combination of two types of errors: the error on the
intrinsic energy spread E determined by the shape of the spectrum in Fig. 30 convoluted
with the number of photons produced and the error from a finite resolution of a detector
∆Ecal/Ecal as calculated with

∆Esd

Esd
=

√(
∆E

E

)2

+

(
∆Ecal

Ecal

)2

(39)

or
∆Esd

Esd
=

√(
∆E

E

)2

+

(
fs
E

)2

(40)

with fs the smearing factor of the calorimeter. The overall resolution is plotted in Fig.31. The
graph shows that a limit on the energy resolution is obtained for a large number of photons
created per interaction: The intrinsic resolution limit is 5.1%. However for low photons
number, the accuracy decreases which imposes a lower practical limit on the laser power.
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Location Energy Simulation Measurements
[GeV] µ Nev µ Nev

1 4.5 2.29 · 10−2 50± 7 1.57 · 10−3 47
1 7.0 2.59 · 10−1 28951± 171 2.47 · 10−1 28321
2 4.5 4.22 · 10−1 489± 22 1.70 · 10−2 476
2 7.0 6.38 · 10−2 4795± 71 6.37 · 10−2 4790

Table 6: Background simulation results of the expected number of events and the num-
ber of events Nev over the energy range between 20 keV and 600 keV for 130000
bunches.

Figure 29: Full background simulations for beam energies up beam energy over 1 sec-
ond measurement time corresponding to 130000 bunches. No energy resolu-
tion from the detector is applied.
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Figure 30: Normalised energy distribution of signal plus backgrounds with an effective
aluminium thickness of 145 mm. The error on the energy smearing is 5.1% for
Ngen = 1520.
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Abstract

Compton scattering techniques for the measurement of
the transverse beam size of particle beams at future linear
colliders (FLC) are proposed. At several locations of the
beam delivery system (BDS) of the FLC, beam spot sizes
ranging from several hundreds to a few micrometers have
to be measured. This is necessary to verify beam optics,
to obtain the transverse beam emittance, and to achieve the
highest possible luminosity. The large demagnification of
the beam in the BDS and the high beam power puts extreme
conditions on any measuring device. With conventional
techniques at their operational limit in FLC scenarios, new
methods for the detection of the transverse beam size have
to be developed. For this laser based techniques are pro-
posed capable of measuring high power beams with sizes
in the micrometer range. In this paper general aspects and
critical issues of a generic device are outlined and specific
solutions proposed. Plans to install a laser wire experiment
at an accelerator test facility are presented.

1 MOTIVATION

High luminosity is the key to many of the physics pro-
cesses of special interest at the Future Linear Collider [1].
This fundamental point is the main physics motivation for
this project and justifies considerable efforts to ensure that
the accelerator can deliver on its excellent luminosity po-
tential. The case for the highest luminosities is now glob-
ally accepted and all the Linear Collider proposals cur-
rently have this as their goal, with quoted luminosities of
a few×1034 cm2s−1. The key motivation for this project
is to add to the arsenal of tools that the machine will need
to maximize its luminosity performance. In particular this
project aims to provide a reliable and flexible method of ob-
taining real-time information on the emittance and quality
of the beam and hence to allow feedback for maximizing
the luminosity.

∗ t.kamps@rhul.ac.uk

2 EMITTANCE MEASUREMENT

In this project we limit our attention to the measure-
ment of the electron beam transverse phase space (trans-
verse emittance) because it is the fundamental determining
factor for the final transverse beam-spot size at the interac-
tion point (IP). It is important to keep the emittance low so
as to maximize the luminosity at the IP and much effort is
spent in designing the accelerator and beam delivery sys-
tem (BDS) to avoid sources of emittance growth. The BDS
generically consists of approximately a kilometer of beam
optics providing collimation, chromatic correction and fi-
nal focusing. There are many potential sources of emit-
tance growth which in general will be time dependent and
will require continuous measurement and feedback to cor-
rect.

The aim is to measure the emittance of the beam to better
than 10% as it approaches the IP and this will require a
number of profile measurements with the same precision
along the BDS. In Tab. 1 beam profile parameters for FLC
designs are listed.

CLIC NLC/JLC TESLA

σx[µm] 3.4 to 15 7 to 50 20 to 150
BDS

σy[µm] 0.35 to 2.6 1 to 5 1 to 25

σ�
x[nm] 196 335 535

IP
σ�

y [nm] 4.5 4.5 5

Table 1: Beam spot sizes for various Linear Collider de-
signs. Quoted are numbers for CLIC [2], NLC/JLC [3],
and TESLA [4].

A set of transverse profile measurements at several
points along the beam line separated by a sufficient betatron
phase advance can be translated into a determination of the
emittance. At least four scanning stations will be required
for each lepton beam, possibly fired by a single laser sys-
tem plus laser beam transportation. Each station will need
to provide a profile along three directions, as required to
specify an ellipse. Relating a set of such transverse profiles
to the emittance and optimizing the layout of scanning sta-
tions within a BDS design will form an interesting parallel
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project, that will be addressed via detailed simulations.
The electron bunch transverse profile has been measured

in the past by intersecting the electron beam with a solid
wire and by counting the subsequent background rate as a
function of the relative position of wire and bunch. Us-
ing this technique, resolutions of typically a fewµm can
be obtained, at the expense of some disruption to the beam.
This technique cannot be used universally at the LC, how-
ever, because the beam-spot sizes can be much smaller,
the need for continuous measurement precludes an inva-
sive technique and the intensities are so great that the wires
would be quickly damaged, even if swept rapidly through
the beam. For these reasons, it is necessary to develop a
novel technique that can run continuously and reliably dur-
ing machine operation, that does not get destroyed by the
beam and that can be sufficiently fast so as to be sensitive
to individual electron bunches within the bunch train. All
these advantages could in principle be provided using opti-
cal scattering structures.

3 COMPTON SCATTERING

The basic idea is to replace a solid wire in a beam profile
scan by a narrow beam of laser light. The fundamental pro-
cess at work is then the Compton effect, where photons are
scattered out of the laser beam by the incoming electrons.
By counting the rate of scattered photons (or electrons) as
a function of the relative position of the laser waist and
the electron beam, a measurement of the bunch transverse
profile can be obtained. The relativistic Compton process
has been studied in detail elsewhere [5]. Relevant aspects
for our analysis together with detailed simulations are col-
lected in [6].

Several schemes have been proposed to use optical scat-
tering structures to serve as diagnostics to measure the
bunch length and the beam profile [7].

3.1 OPTICAL SCATTERING STRUCTURES

Common to all optical scattering structures is that they
must have features smaller or similar in size to the particle
beam under measurement. Several types of laser spot
structures can be generated with common optical setups.
In the following some optical structures are listed together
with their performance rating:

Laser wire (gaussian profile) The laser beam is here
focused to a small gaussian spot with radiusωo. If we con-
sider a diffraction limited, finely focused beam waist, the
minimal achievable spot radius is given byωo = λ/(πθ),
where λ denotes the laser wavelength andθ the half
opening angle of the laserbeam at the waist (see Fig.1).
The distance over which the laser beam diverges to

√
2

of its minimum size is called the Rayleigh rangexR and
defines the usable length of the laser wire. The smallest
achievable spot size with diffraction limited optics is in the
order ofωo ∼ λ. With Nd:YLF or YAG laser working at
higher harmonics electron spot sizes fromσy > 350nm

oω

y
z

yy

x

yσ

ELECTRON BEAM
LASER BEAM

ELECTRON BEAM

LASER 
BEAM

2x R

σz ∆

a) IN ELECTRON BEAM DIRECTION b) IN LASERBEAM DIRECTION

θ

Figure 1: Scheme of a gaussian laser beam focused to its
diffraction limit scanned over an electron beam.

can be measured with high accuracy. The laser beam
power must be in the order of a couple of MW to yield
a few thousand Compton photons per scan spot. Critical
issues of a laser wire design are the diffraction limited
optics, which must withstand such a high beam power
and the scanning system, enabling intra-train scanning of
consecutive bunches.

Laser wire (dipole mode) The resolution of the laser
wire can be enhanced by generating an artificial transverse
dipole mode by means of a lambda half waveplate, where
half of the gaussian is shifted in phase by90o. Such a
waveplate can easily be installed in the optical path of the
laser wire and would enhance the resolution of the device
by roughly a factor of two aiming at beam sizes in a region
from 250nm < σy < 500nm.

Laser Interferometer Towards beam sizes in the nanome-
ter range, a standing wave interference pattern generated by
crossing two laser beams has been proposed and success-
fully tested at the FFTB experiment [8]. The fringe spac-

CROSSING
ANGLE

x

y

d

ELECTRON
BEAM

INTERFERENCE PATTERN

LASER

Figure 2: Scheme for the generation of an interference pat-
tern with fringe spacingd.

ing of the interference pattern (see Fig. 2) depends on the
laser wavelength and on the crossing angle. The electron
beam is moved over the pattern and the Compton scattered
photons are detected. If the beam size is small compared
to the fringe spacing, a modulation of the Compton signal
is observed which is proportional to the transverse elec-
tron beam size. This modulation vanishes if the beam size
is large compared to the fringe spacing. The smallest ob-
served spot size with this technique was about58 nm [9].
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Figure 3: Schematic setup for a laser wire beam profile monitor.

4 LASER WIRE SETUP

The setup for a laser wire beam profile monitor is
sketched in Fig. 3. A high power laser beam is divided
into two different optical paths for scanning the horizon-
tal and vertical beam size. The scanning is foreseen to be
done either with piezo-driven mirrors or with acousto-optic
scanners. Before the interaction with the electron beam the
laser beams are focused. The electron beam is then bent
away while the Compton scattered photons travel along a
straight line where they are detected with a calorimeter.
Scattered electrons will be bent more strongly than parti-
cles with the nominal beam energy enabling detection at a
location after the bending magnet.

5 TEST OPTIONS

It is planned to install a complete laser wire scanner at
the PETRA accelerator at DESY in summer 2002. While
beam sizes at PETRA (10 − 100 µm) are comparable with
typical FLC BDS numbers, the energy of the electron beam
is lower in the range from4.5 − 12 GeV. Recent results
from background measurements show [6] that a sufficient
signal to noise ratio can be reached even with a medium
power laser with peak power less than10 MW. In Spring
2002 tests of subsystems of a laser wire are planned at
CTF2/3.

6 CONCLUSIONS

It is anticipated that laser wire scanners will be the stan-
dard beam size instrumentation tool for the beam delivery
system of all FLC designs. First design ideas exist with the
prototype setup tested at SLC/SLD [10]. Our aim is to el-
evate this design to a compact, non-invasive device where
a high-power pulsed laser is scanned across the electron
beam with novel scanning techniques.
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Abstract

At several locations of the beam delivery system (BDS)
of a future linear collider (FLC), beam spot sizes ranging
from several hundreds to a few micrometers have to be
measured. It is anticipated that laser wires will be used for
this task in any FLC design. In order to optimize a laser
wire system, simulations and background measurements
have been carried out. Results are presented from simula-
tions of the Compton scattering for the PETRA scenario.
Furthermore results from measurements of backgrounds
like synchrotron radiation and gas scattering have been
measured at the positron storage ring PETRA at DESY and
will be discussed.

1 INTRODUCTION

Laser wire scanners (LWS) will play an increasing role
as the standard tool for beam size measurements [1] in the
micrometer range for the BDS at any FLC design [2]. The
LWS operation principle is based on the interaction be-
tween the electron beam and a finely focused laser beam.
The electron bunch transverse size is measured by scan-
ning the electron beam with the laser beam. Photons are
then scattered out of the laser beam by Compton scatter-
ing. By counting the rate of Compton photons (or degraded
electrons) as a function of the relative position of the laser
waist and the electron beam, a measurement of the trans-
verse beam size can be obtained. To specify the required
laser beam power and detector performance, simulations
and measurements of the backgrounds for such a measure-
ment are of fundamental importance. In the following cal-
culations of the signal level as well as of possible back-
ground sources are given. Furthermore results from back-
ground measurements in the relevant accelerator environ-
ment are discussed.

2 COMPTON SCATTERING

The fundamental process at work at the LWS is Comp-
ton scattering. In the classical limit with photon energies
smaller than the electron energy and with electrons at rest,
photon electron scattering is described by Thomson scat-
tering. For high-energy photons non-classical effects must
be taken into account leading to Compton scattering. With
moving electrons the process is called inverse Compton

∗ t.kamps@rhul.ac.uk

scattering, where the moving electrons transfer energy to
the photons yielding substantial fluxes of photons in the op-
tical to X-ray region [3]. For the LWS, the total energy of
the scattered photons per electron bunch laser pulse cross-
ing is considered as the signal process. The number of pho-
tonsNC is directly proportional to the laser beam power
PL and wavelengthλ according to [4]

NC = Nb
PLσCλ

c2h

1√
2πσs

exp

(−y2

2σ2
s

)
(1)

whereNb is the number of electrons in a bunch,y the rel-
ative offset between laser and electron beam andσ 2

s ≡
σ2

y + ω2
o the overlap region. The electron beam size is

σy and the laser beam waist at the interaction point isωo.
The Compton cross sectionσC is in Fig. 1 evaluated for
two scenarios: One for a typical linear collider test facility
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Figure 1: Compton cross section for the first four harmon-
ics of an Nd:YAG laser scanning a1 GeV (a)and250 GeV
(b) electron beam.

beam energy (1 GeV), where sub-systems of a LWS will be
tested and for a typical linear collider beam delivery system
energy (250 GeV). Currently a Nd:YAG based laser sys-
tem is the instrument of choice because of its performance
capabilities with respect to high power and small spot size.

3 BACKGROUND SOURCES

For the use of a LWS, the background conditions at
the detector locations are important. The biggest source
of background photons in the low energy region is syn-
chrotron radiation emitted by the electron beam in bending
magnets. The spectrum of synchrotron radiation is char-
acterized by the critical energy which is in thekeV region
for beam energies of severalGeV. Another background
source arises from beam gas scattering. Here the electrons
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in the beam interact with the residual gas. Bremsstrahlung
is the dominant process at high energies with a cross sec-
tion combined from the individual cross sections from pho-
ton emission at the nucleus and emission at the bound elec-
tron. The bremsstrahlung spectrum for emitted photons
with energyEγ goes up to the beam energyEb proportional
to (Eγ/Eb)

−1. Both spectra, for synchrotron radiation and
bremsstrahlung are plotted in Fig. 2.
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Figure 2: Photon spectrum from synchrotron radiation and
bremsstrahlung.

4 SIMULATIONS

The aim of the simulation studies is a full Monte Carlo
simulation of the signal (Compton) and all relevant back-
ground processes. This includes the modeling of the com-
plete measurement setup, from the scattering process to the
analog-digital-converter (ADC) of the readout electronics
of the detector. This is of fundamental importance for the
specification of the laser system and the detector. So far the
Compton process is modeled in a realistic accelerator en-
vironment including beampipe, magnets, and vacuum win-
dows. The parameter set for the electron beam are for the
PETRA positron storage ring at DESY in Hamburg, be-
cause prototype tests of a LWS are foreseen with this ma-
chine. The simulation work is carried out in the Geant4 [5]
framework. The standard toolkit is used for multiple scat-
tering while the low energy electromagnetic toolkit [6] is
includes Compton and Rayleigh scattering, photoelectric
effect, bremsstrahlung, and ionization at energies250 eV.
A specific Monte Carlo generator [7] is implemented for
synchrotron radiation photons. In Fig. 3 simulation results
are shown for the Compton process with PETRA acceler-
ator parameters. The low energy peak in the spectrum is
caused by multiple scattering processes at low energy in
the2 mm steel vacuum window. Full Monte Carlo simula-
tions of the background processes are under way.

5 BACKGROUND MEASUREMENTS

Preliminary background measurements have been per-
formed at the positron storage ring PETRA. Two locations
were used for the measurements at two different energies.
In Fig. 4 the measurement setup is depicted. A Cs(I) crys-
tal (1.5 × 1.5 × 10 cm3) mounted to a photomultiplier was
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Figure 3: Photon spectrum of Compton photons simulated
with Geant4. Scattering of a10 MW peak power green
(λ = 532 nm) laser beam with1 µm spot size at a4.5 GeV
electron beam with transverse beam size of100 µm. For
the spatial distribution calculation the detector positioned
4 m away from the interaction.

used. The crystal and the photomultiplier are packed to-
gether with a support structure in a light tight box made of
lead. An aperture is drilled on the side facing the electron
beam. The whole package is taped with black tape and po-
sitioned at the two locations tangent to the beampipe and
30 cm away from the dipole magnets to avoid any electro-
magnetic effects on the detector. Before making the mea-
surements the detector together with its readout electron-
ics were calibrated in terms of energy using a radioactive
source. The beam parameters of the positron beam at PE-
TRA relevant for the measurements are gathered in Tab. 1
Results from measurements at the two locations with two

Beam energy 4.5 and7 GeV
Beam current 1.55 to 1.77 mA
Particles per bunch 7.5 to 8.5 1010

Repetition rate 130 kHz
Bending angle 28.08 mrad
Vacuum pressure 1 and2 10−10mbar

Table 1: PETRA beam parameters relevant for background
measurements.

beam energies are plotted in Fig. 5. Synchrotron radia-
tion and bremsstrahlung are the two dominant background
sources. The energy of the photons from synchrotron ra-
diation at4.5 GeV is too low (EC � 1 keV) to pass the
beampipe material. At7 GeV the background is a superpo-
sition of synchrotron radiation with strong components of
bremsstrahlung. At location two, after the long straight sec-
tion, the electrons have to pass through about 16 times more
residual gas, which increases the rate of bremsstrahlung by
that amount.

6 CONCLUSIONS

Laser wire scanners (LWS) will play an increasing role
as the standard tool for beam size measurements at future
linear collider. To fully exploit the potential of such a de-
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Figure 5: Background spectra measured at PETRA. Data
was taken over a 1 sec long period for each measurement.

vice, studies are under way to supply full Monte Carlo sim-
ulations of all relevant processes connected with the LWS.
Furthermore background measurements at the PETRA ac-
celerator have been performed, enabling laser and detector
specification for a system test of a LWS. A much faster de-
tector, made of lead tungstate, is under study. It might en-
able a 10 MHz sampling rate which is the nominal bunch
rate at PETRA.
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R&D TOWARDS A LASER BASED BEAM SIZE MONITOR
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Abstract

Laser wires will play an important role as the standard
monitor for beam size measurements with micrometre res-
olution for the beam delivery system at any future linear
collider. Some R&D work is still necessary to elevate pre-
liminary laser wire designs to a compact, non-invasive and
fast-scanning device. In this paper the latest R&D together
with recent measurements and simulations are presented.
Schemes to measure the beam size in a bunch train and
from train-to-train are presented together with an evalu-
ation of scanning techniques meeting these requirements.
Results from simulations and measurements with a laser
focus system and of a proposed Compton calorimeter are
reported. Furthermore plans are outlined for the installation
of a fast laser wire experiment at the PETRA accelerator at
DESY.

1 INTRODUCTION

The principle of laser wire operation is illustrated in
Fig. 1, where light from a laser is focused down to a small
spot and scanned across the incoming electron beam. The
resulting Compton-scattered photons are detected down-
stream and the measurement of the total energy of these
photons as a function of laser spot position yields the elec-
tron bunch transverse dimensions. In the following, the var-
ious components are discussed in more detail and progress
towards building a working system is reported.
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Figure 1: A generic laser wire profile monitor.

2 FOCUSING OPTICS

For a gaussian laser beam the RMS spot size at the in-
teraction should be smaller than the electron beam size
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�� � ��. At PETRA the electron beam has dimensions
of �� � �� � �� �� and �� � ��� � ��� �� lead-
ing to �� � � � �� �� and a Rayleigh range of at least
�� � ��� �� in order to accommodate completely the
horizontal beam size. High laser peak power between
���� � �� �� MW is necessary to obtain a good signal-
to-noise ratio [1]. Thus the laser optics has to withstand
this amount of power and, for flexibility, should be able to
work with at least the first two laser harmonics. The back
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Figure 2: Layout of scanning and focusing system.

focal length should be��� � ��� mm to incorporate
scanning and diagnostic mirrors (see Fig. 2). In order to
conform with the above requirements, an air-spaced achro-
matic laser objective with three lenses was chosen.

The laser beamline around the focusing triplet was simu-
lated using the ZEMAX code [2]. To first order (neglecting
abberations) the minimum spot radius is determined by the
f-number�� of the lens, the mode quality� � and the
laser wavelength	 according to
� � ��	��. The sim-
ulation code also allows for higher orders from spherical
abberations and coma.

2.1 Measurements

Spot size measurements with the proposed lens triplet
were performed in order to study the focusing, beam prop-
agation around the best focus, and tolerances. Knife edge
scanning with a piezo driven razor blade was chosen as the
measurement technique because of its simplicity and high
precision. This technique involves passing a blade between
the laser beam and a photo detector and measuring the light
intensity as a function of blade position, thereby providing
the integrated laser beam profile.
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In Fig. 3 the measurement setup is sketched. The laser
light coming from a green HeNe laser is guided with a
mirror into a Keplerian telescope for collimation. At the

MICRO
METER

PHOTO
DIODE

CUBIC
SPLITTER

PHOTO
DIODE

PIEZO
MOVER

FOCUSING
LENS

BLADE

SPLITTER

LASER

FOCUS/INTERFEROMETER

OPTICAL TABLE

C
O

LL
IM

A
T

O
R

FOCUS/INTERFEROMETER

XY−STAGE

Figure 3: Laboratory setup to measure small laser spot
sizes using the knife edge technique.

beam splitter half the beam power is guided into a Michel-
son interferometer while the other half passes another mir-
ror before going through the focusing lens. Following this
lens the focused beam is collected by a photo diode. The
blade together with its interferometer mirror are moved by
a piezo driven actuator. The step width of the piezo ac-
tuator is monitored constantly in the interferometer arm.
For one complete scan of the beam profile and propagation
several slices of the laser beam were measured in forward
and reverse direction (see Fig. 4a for an example of one
slice). This was repeated with a viewport window in the
beam path between the focusing lens and the knife edge.
The measured propagation of the beam envelope is shown
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Figure 4: Left: One slice (measured forward and reverse)
of the laser beam around the best focus. Right: RMS spot
propagation around the best focus.

in Fig. 4b. The minimum RMS spot size was obtained by
a least square fit using the beam propagation model for
gaussian beams [4]. The measured minimum RMS spot
size is���� � ����	 � �����	�	 � ���
���� �� with and
����
� � ������ ����� ���
� �� without viewport win-
dow. The input beam radius is��� � ����� � ����� mm.
All measurements agree with numerical simulations and,
as expected from these simulations, the spot size is essen-
tially unaffected by the presence of the viewports. The
main effect of the viewport is to shift the waist by�� �
���
� � ���� � ���
� mm, which is a third of the view-
port thickness of� � ���� mm. The main contributions to

the systematic error are from diffraction effects at the razor
blade, which will be tackled in future measurements using
a collecting lens.

3 SCANNING

3.1 Requirements

The total scan range
 should be in the order of
 �
�� � �� the beam size under measurement (for TESLA
the vertical beam size is�� � � � �� ��, for PETRA
�� � �� � �� ��). The minimum step width between
two scanning points�
 and therefore the scan resolution
is anticipated to be�
 � ���� to ����. Furthermore the
scanner should preserve the mode quality of the laser beam,
withstand the high laser peak power and be able to operate
over long periods of time. Most importantly, the scanner
must match the timing of the macro pulses delivered by
the accelerator. TESLA produces bunch trains of��� �s
length with 2820 bunches each spaced by��
 ns and with
a repetition rate of� Hz [5]. PETRA as a storage ring can
be operated with any harmonic bunch spacing of the repe-
tition rate of��� kHz. For TESLA it is planned to scan the
beam profile with at least ten scan points within one bunch
train, which sets the minimum operation frequency of the
scanner to� kHz and for the laser to�� kHz. This serves
as a guideline for the choice of scanner and for the tests at
PETRA.

3.2 Candidate Technologies

There are two promising candidates: Acousto-optic
(AO) scanners and piezo driven mirrors. AO scanners us-
ing Bragg reflection in a block of fused silica are able to
operate at very high speed with random access times in the
order of�� � ��� �s enabling the scanning of every third
bunch within TESLA parameters. The devices are also
very compact and widely used in industry as Q-switches for
high power lasers. The drawback of AO scanners is their
low damage threshold and their need for anamorphic beam
compression and expansion to match the laser beam profile
into the scanner aperture. In addition, the mode quality is
dramatically decreased with a diffraction efficiency in the
order of 40% for full deflection.

The second interesting technology is based on piezo
driven platforms, where a laser mirror is moved by a small
stack of piezo electric material sandwiched in a tilting plat-
form. These platforms are able to operate in discrete and
continuous mode with frequencies up to� kHz within spec-
ifications. Since these platforms deflect the laser beam with
a mirror, the damage threshold is rather high and the beam
distortion should be minimal.

Due to its high damage threshold and the versatility in
operation mode, the first tests will be performed with a
piezo tilting platform. Preparations are currently under way
to perform spot size measurements during high frequency
scanning and to quantify any resulting beam distortion.
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4 DETECTOR

At every laser and electron bunch crossing, a burst of
Compton scattered photons is released. The total scattered
energy at each burst can then be used to determine the rel-
ative position of the laser and electron beams. A series of
simulations and measurements are currently under way to
determine the most suitable detector for measurements at
PETRA and TESLA. The most stringent requirements at
PETRA are imposed by the bunch separation (192 to 480
ns) and by space constraints at the beamline.

To avoid pile-up of events, the detector must have a de-
cay time that is short relative to the bunch spacing, so a
fast material is required. The material must also have a
relatively high scintillation light output, be radiation hard
and should have a small radiation length in order to contain
fully the electromagnetic shower. The Compton photons
are emitted within a small angle relative to the electron di-
rection and so the active volume of the detector must be
compact (i.e. possess a small Moli`ere radius) so that it can
fit close to the beampipe.

These requirements for the PETRA laser wire calorime-
ter have led to the choice of lead tungstate (PbWO4) as ac-
tive material, a crystal whose characteristics [6] are listed
in Tab. 1.

Radiation length [mm] 8.90
Moli ère Radius [mm] 22
Density [g/cm�] 8.28
Avg. #Photoelectrons/MeV 16
Decay time [ns] 5–15

Table 1: Relevant PbWO4 characteristics.

A primary requirement of the PbWO4 calorimeter is
that it must contain most of the shower resulting from the
Compton scattered photons. The overall dimensions re-
quired for the crystal in the PETRA case were determined
by detailed simulations within the Geant4 [7] framework,
using a cuboid shaped crystal of variable length and width.
In these simulations photons of energy 350 MeV, which is
the maximum energy of a Compton-scattered photon from
a 4.5 GeV electron beam, were projected towards the detec-
tor. The resulting relative energy containments for various
crystal dimensions are shown in Fig. 5a. It can be seen that
more than 90% of the incoming photon energy is contained
within the crystal for an overall size of 54 mm in width and
150 mm in length, leading to the choice of a 3 by 3 matrix
of crystals, each with dimensions�
� �
� ��� mm. The
energy resolution of such a matrix is presented in Fig. 5b
as a function of the number of Compton-scattered photons
for three beam energies relevant to the PETRA environ-
ment [3]. These simulations show that an energy resolution
of better than 5% should be reached with a nominal 1000
Compton-scattered photons at a PETRA beam energy of 12
GeV.

These simulations will be tested against measurements
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Figure 5: a) Relative energy containment for 350 MeV pho-
tons inside a PbWO crystal for three crystal lengths. b)
Energy resolution for three beam energies.

using a PbWO4 crystal matrix at the DESY II test-
beam, where detailed calibration and efficiency studies are
planned.

5 SUMMARY

A broad range of studies are underway, aiming towards
the installation of a prototype laser wire system at the PE-
TRA storage ring. Detailed design studies, measurements
and simulations have been performed for the final focus op-
tics and the implementation of a fast scanning system based
on piezo driven mirrors is currently under study. The vac-
uum chamber for the laser wire is now being constructed
at DESY. Detailed simulations of the Compton calorime-
ter have been performed and test-beam measurements are
imminent. Tests of the full scanning laser wire system are
expected to take place in 2003.

We acknowledge discussions and help from I. N. Ross,
M. Ross and J. Frisch. GAB and TK acknowledge support
from the Royal Society and the British Council.
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Abstract 
A laser wire scanner is under development at CERN in 

the framework of the Compact LInear Collider study 
(CLIC). A first test has been carried out at the CLIC Test 
Facility II (CTF II) with the aim of developing a beam 
profile monitor for a low energy, high charge electron 
beam. In our set-up a 2.5 mJ, 1047 nm, 4 ps laser pulse 
interacts with a 50 MeV, 1 nC, 4 ps electron bunch. A 
scintillator detects up to 600 X-ray photons, with an 
average energy of 17 keV. In the present status of the 
experiment Thomson photons have been observed, but the 
signal to noise ratio is however still too low for an 
accurate profile measurement. 

1 INTRODUCTION 
A Laser Wire Scanner (LWS) is considered as the most 

promising option for beam profile measurements at CLIC 
[1]. Interceptive beam profile monitors, such as Optical 
Transition Radiation (OTR) screens or solid wire scanners 
cannot stand high beam current densities without being 
damaged [2]. Therefore non-degradable diagnostics, like 
LWS, must be foreseen for both the CLIC Main Beam 
and Drive Beam. LWS can be very accurate since the 
resolution is limited by the laser spot size and can be 
reduced to a few wavelengths. The few microns of 
transverse size of the CLIC Main Beam can be measured 
using a UV laser.  

LWS are based on the well-known Thomson-Compton 
scattering [3], where the photons of a laser beam are 
scattered by incoming electrons. By counting the number 
of scattered photons as a function of the laser position, the 
bunch profile can be reconstructed. In a 90° collision the 
scattered photons spectrum has a maximum at the energy 
hνsc, which is given by: 

0
22 νγν hh sc =   (1)  

where hν0 is the laser photon energy and γ the relativistic 
factor of the electrons. Below 1 GeV, the energy of the 
scattered photons remains small compared to the initial 
electron energy (Thomson regime). Above this limit, the 
electron recoil is no longer negligible (Compton regime) 
and at very high energies the scattered photons take most 
of the energy of the incident electrons. With the Thomson 
cross-section, σt, equal to 6.65 10-29 m2, very powerful 
lasers are required to scatter enough photons to allow an 
accurate detection. 

Signal background comes mainly from bremsstrahlung 
photons created by beam losses. The detection of 

scattered photons is therefore much more difficult in the 
Thomson regime where the scattered photons have 
energies significantly lower than those of the 
bremsstrahlung photons.  

Only few LWS have been successfully operated around 
the world so far. At SLAC, on a 50 GeV electron beam, 
bunch sizes of a few microns have been measured [4]. At 
Berkeley [5], Thomson photons have been detected using 
the 50 MeV electron beam and a terawatt Titanium: 
Sapphire laser. Emittance measurements have been done 
at the Amsterdam pulse stretcher ring on a 900 MeV 
electron beam [6].  Recently, at KEK, a laser wire scanner 
has been developed in order to measure the very small 
emittances of the 1.28 GeV damping ring [7]. The 
following sections will describe the LWS tests carried out 
at CTF II [8] so far. 

2 EXPERIMENTAL SET-UP 
Figure 1 shows a schematic of the experimental layout. 

A single laser pulse (1047 nm, 4 ps) from a mode locked 
Nd: YLF laser [8], is split in two parts. One part with 5% 
of the initial infrared energy is converted into UV by two 
consecutive doubling crystals. The UV pulse is then 
directed onto the photo-cathode and produces the electron 
bunch. The remaining part of the IR beam (95%) is used 
in the LWS (2.5 mJ). The CTF II photo-injector laser has 
been especially rearranged (no Drive beam) in this way in 
order to deliver the maximum laser energy to the LWS. In 
this set-up, both the electron and the laser pulses are in 
synchronism and the relative timing between the two can 
be adjusted using an optical delay line. At the gun exit, 
the electrons enter a 3 GHz-accelerating cavity, which 
increases their energy up to 50 MeV. They are then 
focused, using a quadrupole triplet, in the interaction 
chamber, where the collisions with the laser photons 
occur. The IR laser beam is focused using a 150 mm focal 
length lens. The electrons are then deflected by 90° using 
a dipole magnet. The scattered photons propagate in the 
forward direction, pass through a 100 µm thick, 
aluminium window, and are detected using a lead loaded 
plastic scintillator coupled to a photo-multiplier tube 
(figure 1b). A considerable amount of lead shielding is 
placed all around the detector in order to eliminate 
background coming from the nearby beam dump. The 
detector was calibrated at the ESRF on the SNBL X-ray 
line (10-40 keV) [9]. The electron beam current and 
position are monitored using a pick-up located just before 
the interaction zone. A bunch charge of typically 1 nC 
was measured during the tests. 

___________________________________________  
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Figure 1: Laser Wire Scanner experimental layout on CTF2 

 
The interaction chamber is also equipped with an 

aluminium OTR radiator. This is used to measure the 
electron beam profile (σx,y = 160 µm) and bunch length 
(σz =4 ps) by using a streak camera in either focus or 
sweep mode. The laser energy is monitored using a 
photodiode detecting the photons leaking through a 
mirror. The position and the size of the laser spot is also 
continuously monitored using a CCD camera looking at 
the virtual focus behind the last mirror. The laser focusing 
system produces a 30 µm r.m.s spot size with a 5 mm 
Rayleigh range. It is mounted on a remotely controlled 
translation stage allowing vertical scanning with steps as 
small as one micron.  

The scattered photons are emitted in a small cone 
centred in the direction of propagation of the electrons. 
The detection angle is 26 mrad and according to 
simulations small angular misalignments, of the order of 
5 mrad, can be tolerated. At the beginning of the test 
(figure 1a), a scintillating screen and a CCD camera were 
installed in place of the X-ray detector in order to 
optimise the beam transport to ensure a good alignment.  

3 OVERLAP TECHNIQUE 
Before starting the measurements, the positioning of the 

laser beam with respect to the electron beam must be 
adjusted. The streak camera is used to verify the spatial 
and temporal overlap. For this purpose, the IR pulse is 
converted into green light and a hole (1 mm diameter) 
drilled in the centre of the OTR screen allowing the laser 
light to pass through. In this way both beams can be 
observed on the same streak camera image. The temporal 
overlap is achieved by adjusting the LWS laser path using 
a mirror based delay line, installed on a remotely 
controlled translation stage. Figure 2a shows a picture 
obtained with the streak camera in focus mode (2D) and 
Figure 2b the corresponding image obtained with a sweep 

speed of 10 ps/mm. The time interval between the two 
beams is adjusted to 45 ps, corresponding to the delay 
introduced by the doubling crystal. We estimate an 
accuracy of ±3 ps for the time overlap and ±300 µm for 
the spatial overlap.  

 
Figure 2: Streak camera images showing the temporal overlap 

 
The doubling crystal is mounted on a remotely 

controlled translation stage, which allows the overlap of 
the two beams to be checked without accessing the 
machine.  Small variations in the UV laser position on the 
photo-cathode or small drifts in the Klystron RF phase 
have been observed, both leading to changes in the 
electron timing of a few picoseconds. 

4 DATA ANALYSIS AND RESULTS 
Assuming perfect alignment and the overlap of the two 

beams, simulations show that 600 photons per machine 
pulse with an average energy of 17 keV hit the detector. 
Using the calibration coefficients of our detector we 
estimate a signal of 3.8 mV. Scans over ±18ps in time 
or/and ±500 µm vertically, have been performed using 
steps of 3 ps and 5 µm respectively. For each point of the 
scan the peak-to-peak values of the X-ray detector, the 
bunch charge and the laser power are stored. 
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4.1 Background studies 
Due to the large background signal observed, data are 

acquired consecutively with the laser on (30 seconds) and 
the laser off (10 seconds) for each position of the scan. 
Laser - off values are used for the background subtraction 
technique. Figure 3 shows the detector voltage versus 
bunch charge for three different scans. The slope of the fit 
line indicates the background level. Using the expected 
value for the Thomson photons signal (3.8 mV), the 
signal to noise ratio can be calculated. Large variations 
from 1/8 to 1/30 have been observed. Above 1 nC, beam 
losses in the accelerating cavity increase rapidly with 
direct consequences on the background (dot curve). 
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Figure 3: Background signal as a function 

 of bunch charge 
 
In the same figure the histogram of the residuals of the 

fit is shown. Typical values for the r.m.s of these 
histograms are between 0.5 and 3.5mV. The background 
is very sensitive to the position of the beam in the 
accelerating cavity. Small changes in the position can lead 
to significant variations in the signal, with no visible 
effects on the bunch charge.  

4.2 Results 
In Figure 4 the detector signal is plotted as function of 

time along the scan.  
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Figure 4: Comparison between measured, 
smoothed and expected signals for a ±18ps scan  

 
Dash line curve represents the compensated signal and 

solid line curves the smoothed compensated signal.  The 

two horizontal lines represent the r.m.s amplitude of the 
random fluctuations of the background signal. The 
expected signal (dot line) is calculated from the measured 
parameters. Small offsets in time and position are also 
introduced in the calculation to fit the measured signal.  
Maximum values of 2 ps and 175 µm offsets have been 
observed, which is in good accordance with the precision 
of our alignment technique. As one can see the X-ray 
signal is considerably smaller than the expected 3.8 mV 
mentioned before. The reason for this is not yet clear. 

5 CONCLUSIONS 
A signal correlated with the Thomson photons has been 

observed. The signal to noise ratio is however still too 
small to measure a beam profile with sufficient accuracy. 

Increasing the measurement time, in order to reduce the 
statistical error, is unfortunately hindered by the 
unavoidable fluctuations of the machine parameters. 

Background levels are a very important aspect for the 
design of a LWS. Collimation and background 
suppression must be carefully investigated, especially for 
low energy beams. Laser powers higher than 1GW, would 
be required to obtain a sufficient signal to noise ratio.  
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Abstract

The vertical beam profile at the PETRA positron storage
ring has been measured using a laserwire scanner. A laser-
wire monitor is a device which can measure high brilliance
beam profiles by scanning a finely focused laser beam non-
invasively across the charged particle beam. Evaluation of
the Compton scattered photon flux as a function of the laser
beam position yields the transverse beam profile. The aim
of the experiment at PETRA is to obtain the profile of the
positron beam at several GeV energy and several nC bunch
charge. Key elements of laserwire systems are currently
being studied and are described in this paper such as laser
beam optics, a fast scanning system and a photon calorime-
ter. Results are presented from positron beam profile scans
using orbit bumps and a fast scanning scheme.

INTRODUCTION

Future high performance TeV-scale lepton collider as
well as high brilliance linac based light sources require on-
line, non-invasive beam size monitors with micron and sub-
micron resolution for beam phase space optimization [1].
A laserwire monitor is a device where a finely focused,
high power laser beam is scanned transversely over the lep-
ton beam. The resulting Compton-scattered photons are
detected downstream and the measurement of the total en-
ergy of these photons as a function of laser spot position
yields the lepton bunch transverse dimensions [2]. Laser-
wire beam profile monitors have been tested at the SLC at
SLAC [3] and ATF at KEK [4]. The aim of the experi-
ment at PETRA is to elevate these designs and to investi-
gate key issues for a laserwire device in order to develop a
standard diagnostic tool for low-disruption, high-resolution
beam profile measurements.

EXPERIMENTAL SETUP

The laserwire experiment is installed at the storage
ring PETRA at DESY. The PETRA ring operates as pre-
accelerator for positrons and protons and serves the col-
lider HERA. In the context of an upgrade to a 3rd genera-

∗ kamps@bessy.de

tion synchrotron light source some beam time is allocated
to machine development. PETRA was chosen for exper-
iments with the laserwire because of the availability of a
long straight section for hardware installation, an existing
access pipe, sufficient energy and because of its bunch pat-
tern, which is similar to high energy linear collider. Beam
tests with the laserwire were carried out at 7 GeV with av-
erage bunch currents of 7.1 mA and 40.5 mA. The laser
pulses were triggered to interact with the first bunch of the
bunch train carrying bunch charges of 3.9 nC and 22.3 nC.
From the optics lattice the average beam size in the ring is
σx = 268 µm for the horizontal and σy = 68 µm for the
vertical dimension.

The experimental setup is sketched in Fig. 1. The setup is
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Figure 1: Positron beam, laser and trigger path for the laser-
wire experimental setup.

mainly divided in two areas, the PETRA accelerator tunnel
and the laser hut. The trigger signals for synchronization
of the laser and positron beams are derived from the PE-
TRA accelerator bunch clock and brought to the laser hut
from the access hall. These are then fed into VME-based
trigger electronics, which exchanges trigger and status sig-
nals with the laser. The laser timing is measured relative to
a BPM signal at the IP using two fast photodiodes; one in
the laser hut and the other close to the IP. The Compton-
scattered photons are boosted along the incoming positron
beam direction and exit through the beampipe wall within
a downstream dipole magnet. Most of the photons inter-
act with the wall material producing an electromagnetic
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shower. The tail end of the shower is measured by a lead-
tungstate calorimeter read out by a fast ADC.

Laser Beam

The laser pulses are created in a Q-switched Nd:YAG
laser amplifier with second harmonic generator. The aver-
age power is 8 W in the IR at a wavelength of 1064 nm
and 2.1 W in the green at 532 nm. Green light was cho-
sen for this experiment because its shorter wavelength en-
ables both smaller spot-sizes to be achieved and greater en-
ergy deposits in the calorimeter. The longitudinal profile
was measured using a streak camera with 5 ps time reso-
lution. The data revealed a pulse length of ∆t = 12.5 ns
FWHH with a sub-structure of roughly 70 ps peak-to-peak
and 70 ps peak width at full contrast. This sub-structure is
due to mode-beating of different longitudinal modes lasing
and causes the Compton signal amplitude to vary between
zero and full signal for different laser shots. The transverse
profile of the laser beam was measured in the near and
far-field with knife edge and sliding slot techniques. For
the far-field measurement the beam was focused using a
f = 125 mm doublet focusing lens of the same type as used
for the IP focusing. A viewport window was also included
in the setup. The mode quality parameter was measured to
be M 2

y = 8.5±0.6 for the vertical and M 2
x = 5.6±0.4 for

the horizontal dimension. The measured laser waist radius
(at 1/e2 intensity) is wy = 77±5 µm and wx = 69±6 µm.

The laser pulses are transported via a matched Gaussian
relay made up of two f = 5 m lenses over a distance of
20 m from the laser hut via an access pipe into the tun-
nel housing the accelerator. The laser beam passes then
the scanning mirror before it reaches a focusing lens with
f = 125 mm back-focal length. The scanner is a piezo-
driven platform with an attached 25 mm high-reflectivity
mirror. The maximum loaded frequency of the platform
is 1 kHz with a scan range of ±2.5 mrad. The optical el-
ements before the laser-positron IP are shown in Fig. 2.
After the interaction the main part of the beam intensity is
divided and guided into an appropriate dump. The remain-
ing intensity is used for diagnostics and relayed on a CCD
camera for online monitoring of the laser spot size and po-
sition at the IP.

Compton Calorimeter

The Compton photon calorimeter is composed of lead-
tungstate (PbWO4) crystals fixed with optical grease to a
matching square face photomultiplier. The individual crys-
tals have dimensions of 18×18×150 mm and are arranged
in a 3 by 3 matrix (see [5] for more details). From calibra-
tion measurements with a testbeam from the DESY II ac-
celerator, the complete detector setup including ADC read-
out was tested with electrons from 450 MeV to 6 GeV. The
energy resolution was found to be better than 6% for indi-
vidual crystals and 10% for the overall setup. Simulations
show that with the 3 by 3 matrix 95% of the total energy de-

MIRROR

FOCUSING
LENS

ALIGNMENT

SCANNING

ALIGNMENT

Figure 2: Optical elements and laser pathway before the
interaction point with the positron beam.

posit is collected for an incoming Compton-scattered pho-
ton with 300 MeV energy.

DATA TAKING

To establish initial overlap between positron and laser
beam first the timing was fixed by fine-adjusting the laser
pulse timing with a delay box relative to the BPM signal.
Then a local orbit bump was driven to bring both beams
to transverse overlap. This procedure usually takes less
than 5 min. After that the laser beam was scanned using
the piezo-driven platform over the positron beam. At each
scan point 5000 events were recorded before the beam was
moved again. In Fig. 3 a typical background and signal
spectra are displayed. The low energy pedestal in both
spectra corresponds to the electronics base. With a laser
repetition rate of 30 Hz one scan point is handled in 3 min
resulting in 30 min to complete a full scan. During the scan
the orbit stability is observed with the BPM at the interac-
tion point. The orbit was found to be stable within 40 µm.

DATA ANALYSIS

After applying a background cut eliminating the syn-
chrotron radiation pedestal the individual spectra at the dif-
ferent scan points were integrated. In Fig. 4 the result-
ing total energy deposit versus laser beam position is plot-
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events from the low current scan.
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Figure 4: Spotsize measurement data and fit for the low
current scan.

ted for the low current scan. For the high current scan a
similar results was achieved. This distribution can be ap-
proximated with a Gaussian function with a linear gradi-
ent term. The linear term in the model compensates for
the decreasing beam current over the 30 min measurement
time. The measured beam size for the low current scan
is σm = 68 ± 3stat ± 14sys µm and for the high current
scan σm = 80 ± 6stat ± 16sys µm. The systematic error
is dominated by the uncertainty of the set-voltage to angle
scanner calibration and will be investigated with dedicated
measurements.

COMPARISON WITH SIMULATIONS

The propagation of the Compton photons was simu-
lated using the Geant4 [6] simulation package includ-
ing background sources like synchrotron radiation and

bremsstrahlung. The accelerator environment is modeled
including beampipe, magnets, and cooling water channel.
From an analytical description of the Compton process [7]
the number of Compton photons can be estimated for the
relevant laser and positron beam parameters. For the low
current case with 3.9 nC in total 98 photons are released
and the Compton edge is at 1.17 GeV resulting in 57 GeV
total energy deposit, for the high current case with 22.3 nC
in total 561 photons are released resulting in 328 GeV en-
ergy deposit. Most of the energy is lost in the beampipe
material as the Compton photons hit the chamber under a
shallow angle inside the dipole magnet with an effective
length of roughly 100 cm. In the next step the measured
longitudinal profile of the laser beam will be included in
the simulations.

CONCLUSION AND OUTLOOK

A laserwire monitor system has been setup and run at
the PETRA accelerator. The vertical beam size of the
positron beam was measured using a scanning platform, re-
sults agree well with expectations from lattice calculations.
The laser has been upgraded with a longitudinal mode fil-
tering etalon. For the Compton photons pathway planning
and construction is under way to replace the dipole vac-
uum chamber with a chamber with a thin exit window, to
enhance the observed signal.
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Abstract

The Laser-wire will be an essential diagnostic tool at the
International Linear Collider. It uses a finely focussed laser
beam to measure the transverse profile of electron bunches
by detecting the Compton-scattered photons (or degraded
electrons) downstream of where the laser beam intersects
the electron beam. Such a system has been installed at the
PETRA storage ring at DESY, which uses a piezo-driven
mirror to scan the laser-light across the electron beam. Lat-
est results of experimental data taking are presented and
compared to detailed simulations using the Geant4 based
program BDSIM.

INTRODUCTION

The International Linear Collider (ILC) will be a TeV-
scale lepton collider that will require non-invasive beam
size monitors with micron and sub-micron resolution for
beam phase space optimisation [1]. Laser-wire monitors
operate by focussing a laser to a small spot size that can
be scanned across the electron beam, producing Compton-
scattered photons (and degraded electrons). These photons
can then be detected further downstream using the total en-
ergy observed as a function of the laser spot position to in-
fer the transverse profile of the electron bunch. The Laser-
wire system installed in the PETRA ring is part of an ongo-
ing effort in the R&D of producing a feasible non-invasive
beam size diagnostic tool.

EXPERIMENTAL SETUP

The PETRA accelerator was chosen for the installation
of the Laser-wire experiment because it is capable of pro-
ducing bunch patterns similar to the ILC. Laser-wire tests
are run using a 7 GeV positron beam with a single bunch
with a charge of typically 7.7 nC. From the optics lattice
the average beam size is σx = 268 µm for the horizontal
and σy = 68 µm for the vertical dimension.

Preliminary simulations showed that the Compton-
scattered photons loose the majority of their energy in the
material of the dipole magnet’s beampipe due to hitting the
wall with a shallow angle, resulting in an effective length

∗This work is supported by the Commission of European Communi-
ties under the 6th Framework Programme ”Structuring the European Re-
search Area”, contract number RIDS-011899. We also acknowledge sup-
port from the Royal Society

of 100 cm of Aluminium. An exit window was therefore
designed and installed (by DESY) to allow these photons
to reach the detector with little deterioration (see Fig. 1).

Figure 1: New exit window for Compton photons

Laser Beam

The laser pulses are created in a Q-switched Nd:YAG
laser operating at 532 nm. The pulses are then transported
via a matched Gaussian relay made up of two lenses over
a distance of 20 m from the laser hut via an access pipe
into the tunnel housing the accelerator. The laser beam is
then reflected off the scanning mirror before it reaches a
focusing lens with f = 117 mm back-focal length. The
scanner is a piezo-driven platform with an attached high-
reflectivity mirror which has a maximum scan range of
±2.5 mrad. The peak power at the laser exit was mea-
sured to be 3.63 MW. At the IP the peak power is reduced
to 1.46 MW as higher order modes carry some fraction of
the beam power but these are focussed out of beam trans-
port, which is only matched for the fundamental mode. The
longitudinal profile was measured using a streak camera
with 5 ps time resolution. The data revealed a pulse length
of ∆t = 12.5 ns FWHM with a sub-structure of roughly
70 ps peak-to-peak and 70 ps peak width at full contrast
due to mode-beating. This causes the Compton signal am-
plitude to vary between zero and full signal for different
laser shots. In order to reduce the data taking time the cur-
rent laser will be replaced with an injection seeded system
enabling faster data taking.
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Compton Calorimeter

The Laser-wire set up makes use of a calorimeter com-
posed of 9 Lead Tungstate (PbWO4) crystals arranged in
a 3 × 3 matrix fixed with optical grease to a square faced
photomultiplier. The individual crystals have dimensions
of 18 × 18 × 150 mm. The complete detector set up was
tested with a testbeam from the DESY II accelerator using
electrons from 450 MeV to 6 GeV. Energy resolution was
shown to be better than 6% for individual crystals and 10%
for the overall set up. Simulations show that for the 3 × 3
matrix, 95% of the total energy deposit is collected for an
incoming Compton-scattered photon with 300 MeV energy
[2].

Data Acquisition

The Laser-wire DAQ system has two main components:
the hardware trigger which synchronises the laser and DAQ
components to the electron (positron) bunch, and the soft-
ware which controls the acquisition and collation of data
from each sub-component of the system.

The hardware trigger operates with two inputs from the
PETRA Integrated Timing system (PIT) and produces the
necessary signals to fire the laser. The trigger card also
produces a signal to trigger the CCD cameras and a sig-
nal to start the software data acquisition. When the signal
from the trigger card is received a counter which runs for
approximately 420 µs is started. After this time a signal
is sent to the integrator card, lasting around 50 µs, to inte-
grate the output from the calorimeter. The integrated signal
is read by an ADC channel.

The DAQ software also produces a programmable sig-
nal, up to a peak of 10 V, which is amplified by a factor
of 10 and this is used to drive the piezo-electric scanner.
A scaled version of the scanner amplifier output is read by
an ADC channel. The other sub-components of the DAQ
system: the BPM monitor, the PETRA data monitor and
the CCD cameras are also read out. Communication with
each component is performed by a messaging system using
TCP/IP.

DATA ANALYSIS

Laser Beam Size

In order to determine the transverse size of the electron
beam, it is necessary to know the properties of the laser that
is being used to scan. Particular attention is paid to the spot
size at the laser waist, σ0, and the Rayleigh range, zR, (the
distance from the waist at which the beam size σ =

√
2σ0).

These properties are related by Eq. 1:

σ = σ0

√
1 +

(
z

zR

)2

(1)

where zR = 4πσ2
0

M2λ .

The laser is focused using the same final focus lens as
described previously. A CMOS camera is placed on a track
rail so that it can be moved through the focal plane parallel
to the beam direction. Due to the high power of the laser,
the beam was first passed through a 99.9 % reflective mir-
ror, and then through a variable amount of neutral density
filter in order to prevent saturation and damage to the cam-
era pixels. The camera was moved along the track rail to
a number of positions, and 100 images were taken in each
location.

The images taken by the camera are stored as 8-bit
greyscale bitmap files. The pixel data is projected onto the
y-axis, and fitted to a gaussian on a linear background in
the region around the signal peak. The width at each loca-
tion is then plotted, and fitted to Eq. 1. From this we obtain
M2 = 7.6± 0.41, which is within the expected range, and
σ0 = (35± 2) µm, as shown in Fig. 2.

Camera position/mm

195 200 205 210 215 220 225 230

B
ea

m
 s

ig
m

a/
m

ic
ro

n

40

60

80

100

120

140

160

180

200

220

 / ndf 2χ    4.5 / 12
Waist Sigma  1.979± 35.24 
Waist Pos  0.252± 207.1 
M2        0.4115± 7.601 

 / ndf 2χ    4.5 / 12
Waist Sigma  1.979± 35.24 
Waist Pos  0.252± 207.1 
M2        0.4115± 7.601 

Figure 2: Variation in transverse beam size of the laser
around the focus at the IP.

Scan Data

The laser is scanned across the electron beam by tilting
a mirror on a piezo-electric stack to produce a deflection
of ±2.5 mrad. Focusing through the lens produces a travel
range for the focal spot at the IP of 585 µm. The scanner
voltage is applied in a stepped sinusoidal pattern; 10 trig-
gers are taken at each of 100 voltages over a whole 2π. The
trigger signal is taken from the laser trigger card running at
30 Hz, so a full scan takes approximately 33 s.

The signal from the ADC is expected to display two
peaks; one as the laser crosses the electron beam on a ris-
ing voltage to the scanner, and one on a falling voltage.
The trigger number exactly half way between the peaks
should correspond to a turning point in the scanner posi-
tion. The mean of the background subracted ADC counts
at each voltage is then fitted to a gaussian whose width,
σm is given by σ2

m = σ2
e + σ2

0 . Fig. 3 shows the typical
results observed for a single scan and the results of multi-
scan shifts are presented in Table 1. Note that the large
signal variation in Fig. 3a is partly due to the sub-structure
of each laser pulse and will be removed by a better laser.
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Figure 3: a: PMT voltage vs trigger number, fitted to a
constant background with two gaussians. b: Mean PMT
voltage vs laser focus position with a fit showing σm.

Shift No. of Scans σe [µm]
1 7 62.89± 2.45
2 7 71.67± 3.28
3 3 77.22± 5.51

Table 1: Data run results for extracted electron beam size,
σe =

√
σ2

m − σ2
0 . The errors are the RMS from several

scans

COMPARISON WITH SIMULATIONS

The entire PETRA Laser-wire set up has been simulated
using BDSIM [3], which is a fast tracking code utilising the
Geant4 [4] physics processes and framework. The simula-
tion is a full model of the accelerator components includ-
ing beampipe, magnets, and cooling water channel. For
each simulated event a Compton scattered photon is gen-
erated with an energy based upon the Compton Spectrum
predicted for the PETRA Laser-wire parameters. This pho-
ton is tracked to the detector whilst fully simulating any
interactions with materials such as the beampipe wall. This
process is repeated to create an effective single Compton
energy distribution and its corresponding distribution at the
detector after passing through any matter along the photon
path.

The single photon distribution in the detector is ex-
trapolated to the Nphoton spectrum using Poisson statis-
tics whilst also accounting for the energy resolution of the
calorimeter and the longitudinal sub-structure of a typi-
cal laser pulse. The simulated spectrum is compared di-
rectly to the experimental data (see Fig. 4), where the laser
and electron beam were well aligned. The expected num-
ber of Compton-scattered photons, Nphoton, per shot with
the Laser-wire setup parameters is approximately 170± 25
photons, which agrees with the theoretical value.

Figure 4: Calorimeter energy spectra for data and simu-
lated events.

The experimental data show an energy resolution of 34%
which is dominated by the longitudinal fluctuations in the
laser power. The simulation models these fluctuations us-
ing relatively old streak camera data as described above and
so does not account for degradation in the quality of the
laser since then. The calorimeter has also not been cali-
brated for the range of energy deposits now incident upon
it and has been in the PETRA radiation environment for
three years. This could explain why the simulation fails to
completely model the experimental data in the lower en-
ergy region.

OUTLOOK

The future strategy for the Laser-wire project can be
characterised in the short term to concentrate on non-laser
issues like data acquisition, signal detection, vertical scan-
ning, and implementation into a linac beamline. This aims
at the development of a standard diagnostic tool to be
placed at many locations along the accelerator beamline. In
the long run R&D work is planned to develop a laser sys-
tem producing pulses matching the ILC micro pulse struc-
ture. Here the target is to have a beamsize monitor with
full flexibilty. To meet the short-term targets it is planned
to purchase an injection seeded Q-switch laser with sec-
ond harmonic generation having excellent longitudinal and
transverse mode quality. A complimentary project concen-
trating on the achievement of micron-scale laser spot-sizes
is underway at the Accelerator Test Facility (ATF) at KEK.
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Abstract

The laser-wire will be an essential diagnostic tool at
the International Linear Collider (ILC). It uses a finely fo-
cused laser beam to measure the transverse profile of elec-
tron bunches by detecting the Compton-scattered photons
downstream of the interaction point (IP), where the laser
beam intersects the electron beam. Such a system has been
installed at the PETRA storage ring at DESY, which uses a
piezo-driven mirror to scan the laser-light across the elec-
tron beam. This paper reports recent upgrades to the PE-
TRA system, including the implementation of a new laser.

INTRODUCTION

The ILC will be a TeV-scale electron-positron collider
that will require non-invasive beam size monitors with mi-
cron and sub-micron resolution for beam phase space op-
timization [1]. Laser-wire monitors operate by focussing
a laser to a small spot size that can be scanned across the
electron beam, producing Compton-scattered photons (and
degraded electrons). The photons can then be detected fur-
ther downstream using a photon calorimeter (which mea-
sures their energy). The total energy observed as a function
of the laser spot position is used to infer the transverse pro-
file of the electron bunch. The Laser-wire system installed
in the PETRA ring is part of an ongoing effort in the R&D
of producing a feasible non-invasive beam-size diagnostic
tool.

EXPERIMENTAL SETUP

PETRA Laser-wire experiments use a 7.2 GeV positron
(or electron) beam with a single-bunch with a charge of
7.7 nC. Optics lattice studies suggest that the average beam
size is σx = 268 μm for the horizontal and σy = 68 μm.

The laser-wire experiment must coordinate the arrival of
high-energy laser pulses with the arrival of a targeted elec-
tron bunch at the IP, and record the resulting calorimeter
measurements from the Compton photons resulting from
scattering at the IP. This is all achieved using the laser-wire
data acquisition system (DAQ). Figure 1 shows a schematic
representation of the laser-wire experiment and its signal
coordination.

∗Work supported in part by the PPARC LC-ABD Collaboration and by
the Commission of European Communities under the 6th Framework Pro-
gramme Structuring the European Research Area, contract number RIDS-
011899.

† Now at Niels Bohr Institute, Copenhagen.

Figure 1: A schematic representation of the elec-
tron/positron beam, laser light path and signal coordination
for the laser-wire experiment.

Figure 2: The vertical breadboard arrangement of the
Laser-wire experiment: capable of scanning the vertical
(path 1) and horizontal (path 2) profiles of the electron
beam, at any one time. The pre-IP laser beam path is drawn
in green. The mirror flipper, which selects the axis of the
electron beam to scan, is circled in red.

An upgrade to the previous 1-dimensional PETRA laser-
wire system [3] is reported here. The 2-D scanning vertical
breadboard (see figure 2) was installed at PETRA in De-
cember 2005. Laser pulses arrive at a mirror flipper, which
is pre-set to send the pulses along path (1) or (2), scanning
the electron’s vertical or horizontal profile, respectively.
After the mirror flipper the pulses are reflected off a piezo-
crystal driven mirror onto a LAP250 lens 1, where they are

1A two-inch diameter compound lens of 250mm focal length
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Figure 3: Data taken with the injection seeder turned off. The top plot shows the calorimeter output (arbitrary units)
versus the laser spot position at the IP (in microns). The bottom plow is the corresponding piezo scanner voltage (Volts)
versus the trigger number (laser shot number).

then focused onto the electron bunch. Changing the volt-
age across the piezo-crystals changes the angle at which the
laser pulses are reflected through the LAP250 lens, thereby
controlling the position at which the laser pulses cross the
electron bunch. By such means, laser pulses are swept
across the electron bunch.

The non-interacting photons continue onto the post IP
section of the breadboard. Here the remaining laser pulse
energy is measured using an energy meter, and the cross-
sectional profile of the laser pulse is measured using a CCD
camera. This information is used to monitor laser quality.

Laser
Laser pulses of λ = 532 nm are generated by a newly

acquisitioned injection-seeded, Q-Switched Nd:YAG laser
firing into a second harmonic separating box2. The injec-
tion seeding is desired to eliminate mode-beating effects
from the laser pulses, producing a more uniform photon in-
tensity in the pulse. A summary of the laser characteristics
are shown in table (1).

Initial testing showed the laser exhibited poor modal
quality, directional instability, and significant pulse-to-
pulse time jitter and power fluctuation. These effects have
since been attributed to a damaged Brewster plate and spu-
rious reflections off its internal (single mode) pinhole. Fur-
ther testing is currently underway to correct and perma-
nently fix the problems.

Compton Photon Detector
The Compton photon detector is composed of a 3 x 3 ma-

trix of lead tungstate (PbWO4) crystals, fixed to a match-
ing face photomultiplier. Each crystal has dimensions of

2Surelite Separation Package (SSP).

Summary of laser Measurements

Laser pulse freq. 20 Hz
M2 1.4

Pulse duration 5 ns
Pulse jitter (trig. Sync out) 2-6 ns

Pulse jitter (trig. PIT) 2-6 ns
Energy (532nm, pulse-to-pulse) 3.5 mJ ± 0.875 mJ
Equiv. Power (pulse-to-pulse) 0.18 W ± 0.044 W

Table 1: The table summarizes the results of initial testing
on the new laser.

18 x 18 x150 mm and an energy resolution of approx-
imately 5.4% measuring electrons at 6 GeV [2]. Mea-
suring the same electrons, the total system had an energy
resolution of approximately 10%. Simulations show that
Compton-scattered photons (300 MeV) deposit their en-
ergy with 95% efficiency on the 3 x 3 crystal matrix.

DATA-TAKING

The laser spot was scanned across the electron bunch in
11 steps3, there were 2048 laser shots, and hence, 2048
triggers or data points per step. Each step corresponded to
approximately 46 microns at the IP.

Large time jitters would cause the laser pulses to miss the
electron bunch entirely and therefore result in no Compton
photons. However a small enough time jitter could result in
some overlap between the electron bunch and laser pulse,
and hence Compton photons. Such fluctuations can be ob-
served in figures 3 & 4.

3Each step corresponds to 1V of the piezo scanner, which has a full
scale deflection range of 0-10V.
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Figure 4: Data taken with injection seeding turned-on. The top plot shows the calorimeter output (arbitrary units) versus
the laser spot position at the IP (in microns). The bottom plot shows the corresponding piezo scanner voltage (Volts)
versus the trigger number (laser shot number).

DATA ANALYSIS

Figures 5 & 6 show the data analysis for the unseeded
and seeded experiments, respectively. The plots are fit with
a compound function consisting of: a Gaussian4 and a
polynomial function of order 1 (straight line with a gra-
dient and y-intercept) 5

Figure 5: Data analysis of the experiment with no injection
seeding. The plot shows 11 points, where each point is the
averaged calorimeter readout per piezo voltage, versus the
movement at the IP (in microns).

CONCLUSION & OUTLOOK

Compton interactions have been produced using the 2-D
laser-wire breadboard in conjunction with the new Nd:YAG
laser. The results with the new system agree closely with
those expected for the predicted electron bunch dimensions

4Due to the convolution of a Gaussian laser pulse with a Gaussian
electron bunch [4]

5A short-time approximation to the exponential decay of the electron
beam with time.

Figure 6: Data analysis of the experiment with injection
seeded turned-on. The plot shows shows 11 points, where
each point is the averaged calorimeter readout per piezo
voltage, versus the movement at the IP (in microns).

at the IP. Further steps are being taken to reduce the time jit-
ter of the laser to allow a greater scanning efficiency. Stud-
ies benchmarking the laser-wire against standard (invasive)
carbon wire-scans are currently underway. Research is also
being carried out on fast scanning techniques using crystals
whose refractive index varies with electric field [5].
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