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Abstract

The International Linear Collider will be a high-precisionmachine to
study the next energy frontier in particle physics. At the T&/ energy scale,
the ILC is expected to deliver luminosities in excess of ¥ocm 2s 1. In
order to achieve this, beam conditions must be monitored tbughout the
machine. Measurment of the beam emittance is essential toseming that
the high luminosity can be provided at the interaction point At the de-
sign beam sizes in the ILC beam delivery system, the Laseraiprovides a
non-invasive real-time method of measuring the emittanceylihe method of
inverse Compton scattering. The prototype Laserwire at th&@ETRA stor-
age ring has produced consistent results with measured beaimes of below
100 m.

The Energy Recovery Linac Prototype (ERLP) is a technologydstbed
for the 4th Generation Light Source (4GLS). Inverse Comptoscattering can
be used in the ERLP as a proof of concept for a proposed 4GLS upde,
and to produce soft X-rays for condensed matter experimentsThe design
constraints for the main running mode of the ERLP di er from those required
for inverse Compton scattering. Suitable modi cations to lhe optical lattice
have been developed under the constraint that no new magnestructures

may be introduced, and the resulting photon distributions ee described.
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1. Introduction

Chapter 1

Introduction

The International Linear Collider (ILC) will be a TeV-scale electron-positron
collider. It will provide scientists with a tool to explore the fundamental
nature of physics, and is intended to complement the Large ldeon Col-
lider (LHC) in lling the gaps in and beyond the standard modé of particle
physics. At these high energies, the cross section of intetians generally
scales as 1/(energy) and so a high luminosity is required to compensate
for the reduction in the number of events. The ILC is expectedb deliver
a luminosity of 1* cm ? s 1. In order to achieve this, the ILC proposes
colliding beams with nanometre spot sizes at the interactiopoint.

Such small beam spot sizes require a low transverse emittarand contin-
uous measurement of this is necessary. This requires a humbé methods.
Chapter 4 decribes one of these: the Laserwire, a non-inwasibeam size
monitor which is currently being tested at the PETRA storagering with a
view to using such a system at the ILC. By focusing a laser beaim a small
spot size and colliding this with the electron bunch, high esrgy photons are
produced by inverse Compton scattering. The variation in gnal amplitude

which occurs as the laser beam is swept across the electromd¢iu can be

14



1. Introduction

used to determine the transverse dimensions of the bunch. iShrequires
a detailed knowledge of the properties of the laser beam atehnteraction
point.

The running energy of the PETRA ring means that the scattereghhotons
are -rays, with an energy ranging up to 780 MeV. However, there &sdesire
within the light-source user community for a high brightnes source of pho-
tons at a signi cantly lower energy than this. Using the saméechniques as
for the Laserwire, inverse Compton scattering on the Enerdgyecovery Linac
Prototype (ERLP) can generate a source of photons in the saft-ray region,
up to around 30 keV. Equally importantly, by using ultra-shat electron
bunches and laser pulses, the scattered photon bunch can bada to have a
duration of a few hundred femtoseconds. This is important fastudying the
behaviour of matter not just in static equilibrium, but dynamically.

The ERLP has been designed to test accelerator technologfes the 4th
Generation Light Source (4GLS). In patrticular, it is a studyof beam trans-
port and energy recovery from an electron bunch which has bedisrupted
by use in a Free Electron Laser (FEL). Chapter 6 studies the nalbcations
to the FEL-mode optics lattice that are required to make an eective inverse
Compton scattering source. We examine the possible lattia®n gurations
which will generate scattered radiation of su cient brightness to be compet-
itive with other available X-ray sources, and we investigat the pro le of the

scattered photons based on conditions in the accelerator.

15



2. Inverse Compton Scattering

Chapter 2

Inverse Compton Scattering

2.1 Cross-section

Compton scattering is the scattering of a photon from a freelextron. We
can treat the electron as being accelerated by the electrield of the photon
and describe the re-radiation of photons from the electrorin the rest frame

of the electron, the cross section for this interaction is deribed by the Klein-

v (kklc)

v (K,Kc)

Figure 2.1: The geometry of inverse Compton scattering. A photon of
energyk is incident on an electron of energ¥, at an angle with respect
to the electron's direction of motion. After scattering, a poton of energy
k%is emitted at an angle to the initial electron trajectory. The electron
trajectory post-scattering is not shown.

16



2. Inverse Compton Scattering 2.1 Cross-section

Nishina formula [1]:

d kO kO Kk
Toos 2 " F+® 1+ cos’ (2.1)

wherek and k°are the energies of the incident and scattered photons respe
tively, and is the scattering angle of the photon with respect to the inial
electron direction. A full derivation of this can be found inAppendix A. If
the interaction is such that the recoil momentum of the elecon can be disre-
garded, iek  mec?, then k®! Kk, and this reduces to Thompson scattering,

which gives the well-known cds distribution of dipole radiation:

d

= r? 1+
Toos r2 1+cos (2.2)

which when integrated gives the Thompson cross section:

Th = %rg = 0:665 barns (2.3)

wherer. = 2:817939 10 > m is the classical electron radius.

In the case of relativistic electrons the Thompson distriktion is modi ed
by a Lorentz transformation. The approximation remains vad for interac-
tions where the recoil momentum of the electron in its restéme is negligible.

This is true fork  m¢c?= , and gives:

" #
d 5 1 cos 2
= 1+ — 2.4
dcos ' © 2(1  cos)? 1 cos (24)
where = v=cis the ratio of the electron velocity to the speed of light. If

17



2. Inverse Compton Scattering 2.1 Cross-section

0.6

0.5

0.4

Cross-section (barns)

u“l“"\"“\““\""\"“

0.3

0.2

0.1

0 1 2 3 4 5
68 (1/7)

Figure 2.2: The integrated di erential cross-section from Eq.2.4as a func-
tion of half-opening angle (Fig. 2.1) in units of 1= . This is the cross-
section used when considering all X-rays scattered into aliapening angle
less than . The shaded area represents scattering into half-openingges
greater than 1=2 .

we choose to limit the integration to an opening half-anglefdl=2 , where

= Ep=meC? 1, the integral of Eq. 2.4 is numerically (165 barns, and
is independent of the electron energy. For an electron engrgf 35 MeV,
the full opening angle % 15 mrad, which corresponds to ayo and o
of 35 mrad, where o0 are the rms values of thex’ = £ and y° = 3—35’

distributions of the particles which fall within the cone.

18



2. Inverse Compton Scattering 2.2 X-ray energy
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Figure 2.3: Plot showing the energy of the scattered photork®, produced
(Laser wavelength 800 nm, electron energy 35 MeV) as a furasti of scat-
tering angle with respect to the incident electron direction (in red). Ao
shown is the di erential cross-sectiord =d divided by sin (in black). The
shaded area denotes scattering angles greater than the hatfening angle
1=2 .

2.2 X-ray energy

We de ne the angle of incidence and angle of emission of the incident
and scattered photon with respect to the direction of the ineming electron,
as shown in Fig. 2.1. The kinematics of the interaction can #n be solved

exactly to give the energy of the scattered photon [2]:

k(1 cos )
= 2.
1 cos + k(1+cos cos )=Eg (2:5)

For photon energyk  Eo whereEy is the electron energy, this reduces

to:
1 CcoSs

KO k —— T 2.
1 cos (2.6)
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2. Inverse Compton Scattering 2.3 Scaling Laws

0 5 10 15 20 25
K (keV)

Figure 2.4: The di erential cross-section from Eq. 2.7 as a functioof the
energy of the scattered X-ray (laser wavelength 800 nm, elen energy
35 MeV). The shaded area represents scattering into a halfigle greater
than 1=2 .

The maximum energy of the scattered photon occurs for a baskattering
geometry, ie = and =0. For E; mec?, this givesk®,, =4 2k. Tak-
ing the derivative of Eq. 2.5, we then use the chain rule to ndhe di erential

cross section with respect to the scattered photon energyi@- 2.4):

d d dk®

dko - dcos dcos (2.7)

2.3 Scaling Laws

The partial Thompson cross-section for scattering into a o with
opening half-angle of £2 can be approximated as independent of
(Fig. 2.2), ie, although the angle integrated over decreases for large

, this is compensated for almost exactly by the increased Lemtz

20



2. Inverse Compton Scattering 2.4 Event Rate

boosting in the forward direction.

The maximum X-ray energy for a xed angle of incidence is propor-
tional to 2 (Eq. 2.5). In particular, for a back-scattering geometry

= , the maximum scattered photon energy is approximately #k.

The energy of the scattered photon is precisely de ned by thengle of
scattering. Therefore, the energy spread k%=k° depends only on the

range of acceptance angles (Fig. 2.3).

2.4 Event Rate

The number of X-rays scattered per unit time and volume is detmined by
the product of the electron 4-currentj (X ) = ec (X )u = and the photon

4-ux (X )=c (x)k =k[3, 4]

d*N (x . c
D)= ) )= C ) k@8
where (x ) is the particle distribution function, u = (c;u) is the electron

4-velocity and k = (k; k=0 is the photon 4-momentum. In Cartesian co-
ordinates, it is possible to integrate Eq. 2.8 to explicitlycalculate N , the

number of scattered photons per bunch crossing:
27227

N = mc 1 T e(Xy;zZ;1) (X y;z;t)dxdydzdt (2.9)

21



2. Inverse Compton Scattering 2.4 Event Rate

For a Gaussian distributed electron bunch travelling alonghe z-axis, we
have:

" #
2 2 2
o Ne gy KX U Y (2 2 o)
(2 )E Xy z 2 X 2 y 2

z

(2.10)

and for a at top laser pulse with equal widths in thex and y directions

travelling in the opposite direction along thez-axis:

8 .
i
2 B L Exp (X2X2)2 (yzyz)z forc(t t)y<z<c(t+ t)
z 0 for all other z
(2.11)
where s
M2 (z z) 2
= 0 1+ —4( 5 ) (212)
0

and (X;y;z)e. are the positions of the electron bunch and laser pulse at
time t = 0, ,, are the rms sizes of the electron beam, is the waist
rms of the laser spot, and 2t is the full duration of the laser pulse. M ?

is a numerical quality factor, whereM? = 1 for a pure TEMy, mode laser

beam, and is the wavelength. Forc tand , 2zr= ;‘A—ZS, we can assume
(2) (3[ze+ z ]) to be constant, and the integral becomes analytical.
For a back-scattering geometryje =
2 2
EXp (X Xe) (y ve)
P t(1+ 2( 2+ 3 2( 2+ §
N = N 1+ ) o (2+5)  2(°+3) (2.13)
hC 2 2 + 2 2 + 2
X y
The functional form is similar for a crossing angle of = =2, with !
andXe! z.. For ! land ! .y, thisbecomes the standard luminosity

22



2. Inverse Compton Scattering 2.5 Summary

formula:

N = ¢ Ldt= ,—=X (2.14)

Taking as an example an electron bunch containing 5L particles, and a
laser pulse with energy 1 J at a wavelength of Im, colliding with a spot size
of 50 m, we can see from Eq. 2.14 that a scattered ux of approximadie

5 10’ photons can be achieved.

2.5 Summary

Radiation from inverse Compton scattering has a number of deng charac-
teristics. The peak photon energy is tunable, based on the engy of the inci-
dent electrons and the crossing angle between the electromddaser beams.
The correlation between the energy of the scattered photomd its angle
with respect to the initial electron energy allows selectioof a desired energy
bandwidth simply by restricting the angular acceptance. Ad the highly
collimated nature of the radiation, particularly at high electron energies,
generates high brightness photon beams and allows for theeusf compact
detectors. Each of these properties can be of use in partielecelerators. We

discuss this further in the following chapters.

23



3. ILC

Chapter 3

ILC

The ILC is intended to operate at high luminosity in an energyange that
o0 ers an excellent opportunity of investigating new regios of physics. The
technology choices for each part of the overall machine aredergoing con-
tinuous R&D to ensure that the energy and luminosity goals cabe achieved
under as wide a range of conditions as possible. The Globaldiyn E ort
(GDE) has produced a Basline Con guration Document (BCD) [f which
details the chosen technology for each component of the IL&s well as the
possible alternatives. As R&D continues, the recommendatis in the BCD
may change to take advantage of new developmerits.

CLIC [7] is an alternative scheme for a linear collider whichgenerates ac-
celerating RF power from wake eld cavities sited in a conveional linac, thus
avoiding the direct use of klystrons to generate high accedting gradients.
In this chapter, we limit our discussions just to the ILC; futher information

on CLIC can be found in [8].

1Feb 2007: The ILC Reference Design Report (RDR) has now beereleased. This
thesis discusses the speci cations prior to the RDR | for an u p-to-date version after cost
opticmisation, please consult the RDR[5].

24



3. ILC 3.1 Linear Collider Layout

= 30 Krn

~5Km

TNDULATOR g+ Linac

=1.6 Km
=  e-Llnac

Genera| Layout Plan 500 GeV

Figure 3.1: Generic design for a linear collider

3.1 Linear Collider Layout

A linear collider is composed of several sections, each with own specic
task and design requirements. Fig. 3.1 shows a generic a#l layout. The
beam is generated at a low energy source before being acedst to a damp-
ing ring. This reduces the beam's initial emittance. The bea is then passed
to the linear accelerator (linac) section where its energy iincreased to the
nominal value, before being transported through the beam biaery system
(BDS) to the interaction point (IP). After the IP, the beam is guided through
an extraction line to the dump. With accelerating gradientsof 35 MeV/m, a
1 TeV centre of mass energy machine requires approximately km of linac
for each beam, making the total length of the machine, includg BDS, in

excess of 30 km.

3.1.1 Electron Source

The ILC speci cation requires that the electron source canrpvide better
than 80 % polarisation. To acheive this, the source will be aser-driven

electron gun [9]. In this system, a laser is red at a GaAs or G$e photo-
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3. ILC 3.1 Linear Collider Layout

cathode, and free electrons are produced via the photoelecte ect. The
ILC electron gun is based on the Stanford Linear Collider (ST) and Tesla

Test Facility (TTF) sources.

3.1.2 Positron Source

Positrons are generated by ring electrons or photons at a tget to induce
production of € =e pairs. The positrons can then be separated from the
electrons in a magnetic eld before being pre-acceleratesd passed into a
damping ring. The ILC community has chosen to use photons oié target,
and these photons will be generated by passing 150 GeV elecs through
a helical undulator in the main electron linac. Both permanet magnet and

superconducting undulators are being considered [10].

3.1.3 Damping Rings

Damping rings are used to decrease the transverse emittanaethe beams
through radiation cooling. This is crucial in attaining the small spot sizes
required at the IP. The emittance is reduced because the aidating electron
beams emit synchrotron radiation. The overall momentum radttion that
this causes can be compensated for by controlled re-accatem. The net
e ect is a reduction in the transverse momentum spread. TheLC damping
rings are planned to be approximately 6 km in circumferencand will receive
the beam from the electron system at 5 GeV [11]. After dampinghe beam
will be passed into the Ring-to- Main-Linac (RTML) section,where it will

undergo bunch compression and be accelerated to 13{15 Ge\Waguired by
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3. ILC 3.1 Linear Collider Layout

the pre-linac.
It has recently been decided that the electron and positronasnping rings

will share a common tunnel centred on the interaction regiqr{see Fig. 3.2).

3.1.4 Main Linac

This makes up the majority of the length of the collider. The rain linac
section contains accelerating structures, beam instrumetion and tune-up
dumps. The ILC community has decided to use superconductirRf cavities
in the main linac [12]. This will accelerate the beam from 136 GeV to the

nal collision energy. In the rst instance this will be 250 GeV.

3.1.5 Beam Delivery System

The beam delivery system transports the beam from the mainniac to the
interaction region. It contains post-linac collimators toremove any halo of
errant particles which may cause backgrounds or machine peation issues,
as well as beam diagnostics and feedback systems to optintise delivered
luminosity. The current basline design is for a BDS which caains a beam
switchyard [13]. This would allow the beam to be delivered ttwo separate
interaction regions, as well as a fast-extraction line for acthine protection

and commisioning.

3.1.6 Interaction Region

The two beams are focused to nanometre spot sizes by the naktilus quadrupoles

and collide in the Interaction Region. This area is surrouretl by a detector
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Schematic Layout of the 500 GeV Machine

Figure 3.2: Current ILC basline design (Jan 2007) [6].

to study the collision results. The ILC currently plans to hae two interac-
tion regions in which the electron and positron paths crosst @an angle of

14 mrad.

3.1.7 Extraction Line

After collision, the beams must be safely transported to dups capable of
absorbing the high power levels | up to 18 MW. In this area there are
more diagnostic regions to determine the beam parameters tite IP. The

crossing angle in the interaction region has a large impachdhe design of

the extraction line [14].

3.2 Machine Parameters

The proposed beam parameters are grouped into several setShe idea
is to have a range of available options in which the design lunosity can
be achieved. This will result in a greater operational exiity than if the

machine were designed to a single parameter set. The seldovptions are:
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3. ILC 3.2 Machine Parameters

Nominal set:

The reference design, which acts as a scale for the other pasder sets.

Low bunch charge (LowQ):

Reduction in bunch charge by a factor of two.

Large , (Large Y):
Increased vertical beam size due to larger emittance growtturing low

energy transport.

Low power (LowP):

Reduced number of bunches by factor of two.

High luminosity (HighL):
Reduced IP beam size and bunch length. This is not part of theakeline

con guration.

The nominal and extreme values within these parameter setseadescribed

in Table 3.1.
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3. ILC 3.2 Machine Parameters

Beam and IP Parameters
Min | Nominal | Max

Bunch Charge N |1 2 2 100
Number of bunches | n, | 1330| 2820 5640
Linac bunch interval || tse, | 154 | 308 461 | ns
Train repetition rate | fiep | 5 5 5 Hz
Bunch length , | 150 | 300 500 m
Horizontal emittance « | 10 10 10 mm mrad
Vertical emittance y | 0.03 ] 0.04 0.08 | mm mrad
IP beta (500 GeV) « |10 21 21 mm

y 102 |04 0.4 | mm
IP beta (1 TeV) « | 10 30 30 mm

y 102 103 0.6 | mm

Table 3.1: Parameters for the ILC design. [6]
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4. Laserwire

Chapter 4

Laserwire

4.1 Emittance and Luminosity

The distribution of a beam of particles in transverse phasgace evolves as a
function of the beam's transport through the system. By de ing an ellipse
in x-x°space, where®= ‘(’j—é such that 95% of the particles are contained, we
can de ne a quantity, which we call the emittance , as a measure of beam
quality [15]: Z

dx dx®= (4.1)

ellipse
An emittance is de ned in both the horizontal and vertical phnes. Ac-
cording to the Liouville theorem, if only focussing and bendg forces are
applied to the beam the area of the phase space ellipse rensaimchanged,
and so the emittance is an invariant under these conditiondVhere the par-
ticle momentum is not constant, we de ne the normalised entiince ,, in

terms of the relativistic beam parameters and such that:

n = 4.2)
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4. Laserwire 4.1 Emittance and Luminosity

The path of a particle in a beam transport system is de ned byts beta
function (s), where s is the particle's distance along the beamline. The

-function comes from solving the equations of transverse tran such that:

x%s) + K (s)x(s) =0 (4.3)
i o Q—
x(s) = P (s)cos( (s) ) 4.4)
d((s) 1
and is E (4.5)

where K (s) is an arbitrary function of s dependent on the particular dis-
tribution of focusing along the beamline. The phase of the oflation at
a given positions is given by (s) 0, Where g is the initial phase and
(s) is given by Eq. 4.5. The phase advance of a particle is thenvgn by
= (9 (0). The beta function which then encloses those of all the pa
ticles within the phase space ellipse de ning the emittancis the amplitude

function, and together with the emittance this de nes the bam envelope:

p__
bean(S) = B (9) (4.6)

This determines the luminosity of the colliding beams at thdnteraction

point:
1 1

L/ / p

5 4.7)
4 Xy 4 X xIJ

for two colliding bunches which are Gaussian in the x- and yx@ctions, as
shown in Eq. 2.14, where the star denotes that the parametealues are at

the IP.
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4. Laserwire 4.2 Emittance Measurements

4.2 Emittance Measurements

The emittance is a measure of both the size and divergence bétbeam, and
so cannot be directly measured. In clear drift space, the pba-space ellipse
naturally rotates. By measuring the beam size at a number obtations,
di erent parts of the ellipse can be measured and combined tetermine the
emittance (see Fig. 4.1).

In a standard wire-scanner, a series of wires is passed thgbuhe beam.
This generates a pro le based on either induced current in ghwires from

secondary emission [17], or on the ux of bremsstrahlung. kither case, the

fr

Figure 4.1: Measuring the beam transverse emittance using a serdsaser-
wires. Top: The beam width is measured at the waist (locatioh) and either
side of it (locations a and c)f a waist. Bottom: As the area ofite phase-space
ellipse remains invariant under conservative forces, theghree measurements
can then be combined to determine the emittance [16].
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4. Laserwire 4.2 Emittance Measurements

Figure 4.2: Diagram of a wirescanner beam size monitor. This scamng
installed in the TTF beamline [18].

intensity is proportional to the beam density at the wire pogion. By using
several wires set at di erent angles (as in Fig. 4.2), the fulpro le of the
beam can be measured in one location.

This approach requires that the diameter of the scanning wes be smaller
than the expected beam size. Given that such wires can be méactured
down to approximately 10 m, the use of this technique in machines where

the expected beam sizes are smaller, such as the designs emrated in Ta-
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4.3 Principles of the Laserwire

CLIC | NLC/JLC | TESLA

BDS ( m) | 3.4{15 7{50 20{150
y( m) | 0.35{2.6 1{5 1{25

P, (nm) 196 355 535
y(nm) 4.5 4.5 5

Table 4.1: Anticipated transverse beam sizes in the Beam DeliveBystem
and at the Interaction Point for the CLIC [19], NLC [20] and TESLA [21]
designs.

ble 4.1, is prohibited. Additionally, scanning a physical we through the
beam is immensely disruptive to the beam itself, and requsanany bunches
to make a measurement. Finally, at high brightness and smadpot sizes as

for the ILC, the wires would be destroyed.

4.3 Principles of the Laserwire

HIGH POWER LASER

GAMMA—_RAY
compTon DETECTOR

SCATTERED
GAMMAs

DEFLECTOR

MIRROR ELECTRON BEAM

TRAJECTORY
BENDING
MAGNET

Figure 4.3: A simple schematic of the laserwire.

In a Laserwire system, the physical wire of a traditional w& scanner is
replaced by an intense laser beam. As the lepton beam colkdsith the laser

light, -rays are produced by inverse Compton scattering. These gbas are
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Figure 4.4: A schematic showing the connections between varioustsens
of the laserwire system.

preferentially scattered along the axis of the lepton beant(. 2.4, Fig. 2.2),
which is separated from the scattered photons by use of a dipanagnet. It
was shown in Sec. 2.1 that the scattering rate is determined khe integral of
the overlapping particle distributions. By scanning a narow laser across the
electron beam, the variation in intensity of the scattered adiation at each
position can be used to calculate the transverse distributn of the electrons
along the scan direction. A simple diagram of this is shown iRig. 4.3, while
a more detailed schematic of the interconnections of the $gm can be seen

in Fig. 4.4.
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4. Laserwire 4.4 PETRA

4.4 PETRA

The Laserwire system described here is installed for proygte testing in
the PETRA storage ring at DESY, Hamburg. The location of the dserwire
system is shown in Fig. 4.5. PETRA is 2.3km in circumferencand can be
lled with either electrons or positrons, depending on the equirements of
the HERA e -p collider, for which it serves as the injector ring. PETRA $
also used as a source of synchrotron radiation for HASYLAB p&riments.

PETRA is capable of storing up to 40 bunches | each with a charg@ of

HERA ™
U=g3km \

./F’F‘-ﬁ-‘\\

— = E=D

FI.
i - 4
3 b |
by )

/a\ DIPOLE
G‘UI-A,D’/‘—

s ‘-""_r

.f"/

Figure 4.5: The laserwire experiment is located upstream of HallesDat
PETRA. The interaction point occurs just before a dipole maget. This
serves to bend the electron path away from the detector, andsa allows the
detector to be placed outside the vacuum for ease of access.
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4. Laserwire 4.5 Laser

approximately 10° leptons | with a minimum bunch spacing of 96 ns. The
lifetime of the bunch train is approximately 10 hours. Bunchlengths are
typically 100 ps, and the bunch energy spread is approximdye0:075 % at
energies of %&b, 7 or 12 GeV.

45 Laser

The laser is a Quantel YG580 pulsed laser, originally used aart of the
LEP polarimeter [22]. It provides high power (approximatet 10 MW), short
duration (approximately 10 ns) pulses rather than continuos light. The
system is based on a Q-switched Nd:YAG ampli er crystal witha second
harmonic generator, emitting at a wavelength of 532 nm. Thigvavelength
was chosen as it allows a reasonably small spot size, and mer to deal
with than non-visible light. With PETRA running at an energy of 7 GeV,
Eq. 2.5 gives a maximum scattered photon energy of 780 MeV.

The laser is red based on a system of delayed trigger signdtem the

LASER HUT PETRA WELL

O LASER
. Sl

ACCESS
PIPE

PETRA
TUNNEL

IP
O CHAMBER

)

Figure 4.6: The laser is located in a hut outside the PETRA tunnel. Th
light is transported via a lens relay and mirror system down & m long
access pipe to a piezo-electric scanning mirror and focugilens close to the
interaction chamber.
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Figure 4.7: Input/output scheme for the laser trigger card.

Petra Integrated Timing (PIT) signal. First a Charge signalis sent to the
laser in order to pump the gain medium using xenon ash-lampsAn End
of Charge (EoC) signal is generated when a su cient populatin inversion
should have been achieved. Next the Q-switch (QSW) and Firégsals op-
erate the Pockels cell and shutter to release the laser lighf ow chart of

the trigger card which controls these signals is shown in Fig.7.

451 Laser Spot Imaging

The laser is focused at the interaction point by a LAP125 lensThis is an
air-spaced doublet lens with a back focal length of 117 mm. iFdiagnostic

purposes, the laser light is attenuated and focused onto tlohip of a Basler
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Figure 4.8: Screenshot from the CCD DAQ software. The status bar cen
tains statistics for the camera image which has focus. The v mark on
the right-hand window is laser damage to the CCD chip due to adequate
attenuation

A302f CCD camera. This has 782 582 pixels with a size of 8 83 m
each. The camera is read out over an IEEE1394 Firewire bus by& running
Windows 2000(SP4). The imaging software shown in Fig. 4.8 v&itten in
Visual C++. Images from multiple cameras could be capturedtaa rate of
25{30 frames per second, and are written to disk as bitmap $for oine
analysis.

Due to the laser damage to the CCD camera (as evidenced in F§8)
and the harsh conditions in the PETRA tunnel, the CCD cameraglid not

have a su cient lifespan. It was decided that a replacementystem should be
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4. Laserwire 4.5 Laser

installed which would be radiation-hard and less power-ceaming to reduce
the possibility of heat-induced damage. The camera chosemsvthe Basler
A601f. This uses a CMOS chip with 656 491 pixels, with a pitch of 99 m.
All further references to \CCD", \CMOS" and \camera" should be taken

to refer to the A601f. To determine how the nite pixel size wald a ect

f Laser
S

Photodiode

L/

COLLIMATOHR Knife edge

Switchable
Mirror

Camera E
Basler A601-f T

Translation

stage

Figure 4.9: Setup of the knife scan measurements. The position oktlens
controls the size of the beam seen at the two foci. A switchablmirror can
be inserted or removed to determine to which focus the beamdslivered.
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Figure 4.10: The photodiode output voltage compared to position dhe
knife-edge. The extremely good t to an error-function indtates that the
laser pro le is gaussian, as would be expected for the TEyimode. This
pro le is from a HeNe laser, which operates witiM ? < 1:01.

the resolution of the camera, the reconstructed focus spaze was compared
to that obtained from a knife-edge scan. For the knife-edgean, the laser
light was focused using the same lens type as above and pagsetine of two
foci, determined by the position of a switchable mirror. At oe focus was
the CMOS camera, while at the other was a razor blade was moeat on a
translation stage. A diagram of this layout is shown in Fig. 4. A LabView
[23] control program stepped the blade through the focus ofi¢ laser beam,
and the transmitted intensity of laser light was measured usg a photodiode.

The measured intensity at the photodiode obeys:
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Figure 4.11: Comparison of laser beam sizes measured by knife-esigen
and CCD camera. The beam size measured by the CCD camera terids
exceed that measured by the knife-edge scan.

|/ %[1 Erf(2)] (4.8)

Fitting to this, we then obtain a value for the laser beam focsi rms spot size
which can be compared to the value obtained from the CMOS canae An

example tis shown in Fig. 4.10. In this case the best t is to abeam size
of 3429 m. Parametersp3 and p4 are coe cients for linear and constant
backgrounds respectively. The focussing lens was also miaghon a trans-
lation stage. By altering the position of the lens, the locabn of the focus
could be moved equally at each measurement station, allowira range of
beam sizes to be be measured and compared.

The bitmap les from the camera DAQ software were used to gerse
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4. Laserwire 4.5 Laser

a 2D histogram of the beam intensity prole in ROOT (v4.02) [&]. This
could then be tted to determine the laser beam size as measut by the
camera. From Fig. 4.11 we can see that the waist measured byetEMOS
camera tends to over estimate the beam size by approximateBs m for
beam sizes above 100m. More investigation is required at the lower beam
sizes at which the laser is expected to operate to determinehether the
increasing overestimate of the beam size is due to the intsic resolution
of the camera or a failure in the tting routine. It is a failure such as this
which is responsible for the extreme value given by the CMOSmera at

knife 100 m.

4.5.2 Laser pro ling

To measure the longitudinal pro le of the laser waist, the canera was placed
on a guide rail, allowing its position along the beam axis todvaried. Fifty
images were taken at each of a series of locations at varyinigtences from

the waist of the laser beam. The beam spot size at each locatiwas then

31719 |

i
Waist Sigma 39.85+ 2.88

Waist Pos 183.2£0.252
L M2 10.77£07487
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200~ 601
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Figure 4.12: Variation of the laser beam transverse size along thedm
axis. Results are shown for focusing of the beam near the apee of the
laser (left) and after transport from the hut to the PETRA tunnel (right).
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4. Laserwire 4.5 Laser

Figure 4.13: Comparison of a simulated image of a TEH mode (left)
with an image of the laser beam spot (right). We see that theres much
substructure to the real laser beam | this comes from higher eder modes.

plotted and the results tted to Eq. 2.12 for the beam waist spt size o,
the waist position z and the beam quality factorM 2. The setup for this
is similar to that used in the knife scans, (Fig. 4.9), only wh the camera
mounted on a moveable platform so that it can be moved along ¢hlaser
beam axis, and without the knife edge stage.

Measurements of the longitudinal pro le were made in two lations: in
the laser hut (near the exit aperture of the laser), and in thbeam tunnel near
to the interaction chamber. Due to spatial Itering of the higher order modes
during transport between the laser hut and the tunnel, therés a reduction in
both the beam waist size and thévl 2 from 4025 m to 34:92 m, and from
10:81 to 7:56 respectively, (Figs. 4.12). These values bf? indicate that the
beam pro le is far from being purely gaussian. This is obviaiwhen the

laser beam image is compared to a simulated TEjylimage, as in Fig. 4.13.
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4. Laserwire 4.6 Beam Position Monitor

4.6 Beam Position Monitor

The beam position monitor near the interaction point is compsed of four
pickup plates (Fig 4.14). When a charged particle bunch pass the plates,
voltagesU; are induced on them, the size of which are related to the pasih

of the bunch by:
(Ur+ Uy (Up+ Uy)
U+ U+ Us+ Uy

y=K (Up+ Uz)  (Us+ Uy
Y Ui+ Uy + Ug+ Uy

X = Ky (4.9)

(4.10)

whereK 4, are machine constants, andJ; is the voltage in thei™ pickup.
The BPM serves two purposes. Firstly, it is used to positionhe electron
beam in the interaction region | setting the beam to the last known location
with good signal reduces the amount of set up time at the begimg of a
run. Secondly, the output signal from the BPM is used in calitating the
trigger delays (Fig. 4.7) so that there is maximum temporal\erlap between

the electron bunch and the laser pulse.

Figure 4.14: The beam position monitor pickup arragement near thaser-
wire interaction point. [25]
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Figure 4.15: Screenshot from the BPM DAQ software.

The BPM is read out through a series of electronics to removegh fre-
guency noise and boost the signal-to-noise ratio. The sidna then passed
to a Serial Data Acquistion hardware crate (SEDAC), which riays the data
to the BPM data acquisition software [26]. The software prades a graphi-
cal interface for determining beam positon as shown in Fig.¥b, as well as

writing the data to le for o ine analysis.
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4.7 Calorimeter

The scattered photons are detected in an electromagnetideameter, located
23 m downstream of the interaction point. There is a bending agnet in the
region between the interaction point and the calorimeter, & the electron
beam is separated from photons, and the angle of the beam piakows for

the calorimeter to be placed outside the vacuum.

Figure 4.16: A single crystal from the lead-tungstate scintillabn calorime-
ter.

The calorimeter is comprised of 9 blocks of lead-tungstatBbWOy, in a
3 3 matrix. Each block is a cuboid measuring 18 18 150 mm. At this
size, GEANT3 simulations show that the calorimeter will cafure 91 % of
the shower energy from a 300 MeV photon [27, 28]. The caloritee matrix
is connected to a single photomultiplier tube (PMT) - a Hamaratsu R6091
- and the whole assembly is mounted in a light-tight aluminim box.

Initially, the peak signal from the PMT was sampled directly but any
jitter in the timing of the signal with respect to the sampling window would
mean that the signal would be misread. It was therefore de@d to integrate
the PMT signal and use this result to determine the energy degited in the

calorimeter. An integrator circuit was developd by Gary Booman of RHUL.
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Figure 4.17: A Labview readout of the signals to and from the PMT inte
grator card. The di erent coloured lines are: Yellow - PMT ouput, Green -
Gate signal for the integrator, Pink - Integrated charge sigal, Purple - Peak
integrated signal. The initial spike in the PMT output is due to crosstalk
from the gate signal. It is unclear whether this is an artefdof connection to
the oscilloscope during testing or whether it also occurs dag full running.

Radiation Length [mm] 8.90
Molere Radius [mm] 22
Density [g/cm®] 8.28
Avg. # Photoelectrons/MeV 16
Decay Time [ns] 5{15

Table 4.2: Characteristics of PbWQ [29].
The signal con guration can be seen in Fig. 4.17. The PMT (irggrated)

voltage was read out by an ADC card, and the data passed to a DA@ogram

(Fig. 4.18) for graphical representation and writing to lefor o ine analysis.
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Figure 4.18: Screenshot from the calorimeter DAQ software contrpianel.

4.8 Beam scanning

For laserwire running, PETRA is loaded with 7 GeV electronsThe triggering
for the laser is set such that the laser light will collide wit the rst bunch
in the train, and so this bunch is lled with a higher than normal charge.
The laser beam is scanned across the electron bunch by a mimwounted
on a piezo-electric stack. A voltage of 0{10 V is ampli ed by dactor of 10,
and applied to the stack to generate an angular de ection o6 mrad. The
back focal length of the focusing lens is 117 mm. A thin lens pgximation
shows that this generates a translation of the laser spot ahé focal point of
order 585 m. The expected vertical beam size in PETRA is of order 100m

rms, so this translation is su cient to scan through the whok electron bunch.
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Figure 4.19: Calibration of the beam spot movement to the applied aoner
voltage.

In order to verify the motion of the laser spot, the focus waserimaged onto
the chip of the camera and the centroid position measured f@a sequence
of voltages applied to the scanner. A simple linear t to the esulting data
points showed the actual movement of the beam spot to be:26 m/V. This

is shown in Fig. 4.19.

4.8.1 Slow scanning

Initial calculations from Eqg. 2.9, with a crossing angle of = =2 show that
each bunch crossing should generate approximately 4200tsm@d photons.
However, the magnitude of the detected signal was found to Isgyni cantly

lower than would be expected from this amount. This was detsrined by
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Figure 4.20: Oscilloscope traces with good signal from laser backering.
The thick band from the top is the unintegrated calorimeter atput signal.
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Figure 4.21: Oscilloscope traces with no signal from laser backgeang.
The thick band from the top is the unintegrated calorimeter atput signal.
The slight peak is from synchrotron radiation backgrounds.

eye from the output signal from the calorimeter on oscillope traces. An
example is shown in Fig. 4.20. In this case, the thick band ahé top of the
trace shows the calorimeter traces for many events with godckscattering

signal, while Fig. 4.21 shows the same setup with the laserisshed 0. As
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4. Laserwire 4.8 Beam scanning

the typical traces were much closer to those in Fig. 4.21, itag clear that
a signi cant proportion of the signal was being lost. This mtvated a full
simulation of the interaction region, which is discussed &y in Sec. 4.8.2,
and in detail in [34].

In order to collect su cient statistics it was necessary to ntegrate the
output from a large number of bunch crossings for each positi of the scan-
ner. This meant that a full scan across the bunch could take u@ 45 mins,
which is clearly unacceptably slow. In a storage ring such &ETRA the
beam current decreases over time which could skew the resulthile in a
single pass machine such as the ILC there would not be enoughnée to make
such a measurement.

In order to determine the position of each point in the scanhie laser beam

focus was re-imaged onto two cameras via beam expanders. Qaenera

Number of Total signal Spot position Spot width
images (mean/fit) (rms/fit)
Jn ) . i i ¢ °-E i
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Figure 4.22: Analysis of the CCD data for the low current run, 7L mA.
From left to right: Number of images, total intensity, spot position, and
laser rms vs applied scanner voltage. [30]
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Figure 4.23: Vertical pro le of the PETRA beam, taken in December 203.
In this run, the beam current was loaded to 74 mA, with a charge of 39 nC
in the rst bunch. This prole gives =68 3 14 m which is within the
range of expected PETRA parameters [31].

imaged the laser light prior to the interaction point, whilethe other imaged
the refocused light after collision with the electron beam.Collected data
from the cameras is shown in Fig. 4.22. Although the camerasere not
synchronised to the laser trigger, the extended time req@d at each scan
position ensured that enough good images were captured faradysis. The
mean position of the beam centroid over a number of images wagasured
to determine the positon, while the mean spot size at each piten was
reconstucted, and the mean value of this over all positionsas then used
to deconvolve the electron beam width from the tted width ofthe signal

gaussian shown in Fig. 4.23.
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4.8.2 Simulations

Due to the large de cit between the number of detected phot@and the
predictions based on Sec. 2.4, it was decided that a realestsimulation of
the PETRA environment should be performed. The scattered mitons were
generated and tracked in BDSIM [32], and the deposition of ergy in the
calorimeter was modelled. Initial simulations indicatedhat, due to the slight
angle of the beampipe wall after the sector-bend dipole magin(Fig. 4.4) the
Compton photons were undergoing showering through approxately 1 m of
aluminium and 017 m of water. Some of the showers were being scattered
away from the detector, and some were depositing zero enerngyhe sensitive
volume as demonstrated by Fig. 4.24. A full description of # simulation

and modelling performed by John Carter of RHUL can be found if84].

Figure 4.24: Simulated detected energy deposits in the laserwir@arimeter.
Due to showering in the beampipe, 99 % of photons were not bgidetected
(red column) [33].
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Figure 4.25: Simulated energy deposited in the laserwire caloritee with
the inclusion of an exit window [34].

4.8.3 Exit Window Installation

In order to increase the detected signal in the calorimetegngineers at DESY
were asked to design a modi ed beampipe for the laserwire reg that would
reduce the amount of material in the path of the scattered phons. An exit
window was built in which the photons would arrive at the bearpipe wall at
a normal incidence, and would therefore have to pass througimly 6 mm of
aluminium. This is detailed in Fig. 4.26.

The decrease in the amount of material in the photon path alsgave
rise to an increase in the amount of synchrotron radiation [ sing through
the beampipe. In order to protect the calorimeter from the eects of the
increased radiation dose, 25 mm of lead shielding was placicectly in front
of the detector array. This shielding was still not enough t@revent the new
signal load from saturating the ADC, and so it was also necesy to reduce

the gain on the PMT to allow for this. As a nal consideration, the beam
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Figure 4.26: Engineering drawing of the new beampipe window for the
laserwire. The aluminium window is installed perpendiculato the scattered
photon trajectory. This reduces the amount of scattering irthe beampipe,
so a higher proportion of the signal photons reach the detext

loading of PETRA was altered. The beam current was reduced tb mA
and loaded entirely into the rst bunch. This gave a bunch chege of 5 10%°
electrons, similar to the value in the slow-scanning caseytireduced the level

of synchrotron radiation backgrounds from the unnecessatbunches.

4.8.4 Fast scanning

The increased signal meant that it was no longer necessary the scanner
to remain in a xed position for a long time in order to collectsu cient

statistics for each point in the scan. This in turn meant thatthe previous
routine, in which each DAQ component would be switched on imddually
by hand within its own software framework was no longer apppiate. It

became necessary to have a master control program that coutfdtialise all
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Figure 4.27: Screenshot from the laserwire DAQ master control prcgn.
This version allows control of the laser trigger delays, iegrator card and
scanner motion. It also contacts the selected DAQ componanbver TCP
and receives data for display and writing to le.

the DAQ components simulataneously, ensuring that the trigering of each
event was the same for each part of the system.

The software shown in Fig. 4.27 was written in LabView7 by GgrBoor-
man and Stewart Boogert of RHUL. It was designed to initialis the DAQ
components and to send and receive data from them over TCP. &iso in-
cludes a graphical display of the received data from the caimeter, scanner
and photodiode. In order to increase the e ciency of the dataaking, the
DAQ for the camera system was rewritten to allow the use of aigger signal
from the laser trigger card. This ensured that every le fromthe camera

now contained an image of the laser spot. Although the scamis capable
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Figure 4.28: Analysis of fast scanning data. (Top left) Integratedalorime-
ter signal for 500 triggers. (Top right) Return scanner vokge (applied
voltage=20) for the same 500 triggers. (Bottom left) Integrated calime-
ter signal against the return voltage for all triggers. (Batom right) Mean
value of integrated calorimeter signal at each position, agetermined by the

return voltage.

of movement at a kHz rate, the laser is limited to 30 Hz, and sdis became
the limiting rate for scanning.

Once it was established that each bunch crossing could prdeia reason-
able signal level, attention moved to scanning the beam. Fig.28 shows the
full data set for a fast-scanning run. In this example, the ggied scanner
voltage was incremented from 0 to 10 V and back down again inefts of
0:2 V. Each value was maintained for ve triggers. At 30 Hz, thisgives a
total scan time of approximately 17 s, compared with the pregus time of

around 45 mins. Taking the laser beam focus size for the tuddecation as
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3524 m as determined in Sec. 4.5.2, we calculate the electron veal beam
size to be 7725 6:61 m, which is consistent with the previous slow scans
and with the PETRA design parameters. Table 4.3 shows the meared

beam sizes taken during several shifts.

Shift | No. of Scans e[ m |
1 7 6289 2:45
2 7 7167 328
3 3 7722 551
Table 4.3: Data results for extracted electron beam sizes, = g 2s &

The errors are the RMS from several scans. [35]

It would be possible to reduce the scanning time even furthdry taking
fewer triggers at each position and/or taking readings at feer positions.
However, this is likely to lead to a greater uncertainty in tle measured elec-
tron beam size, and so is not considered desirable. A laserigthhad a much
higher (kHz) repetition rate would be the best method of deeasing the scan

time.

4.8.5 Timing scans

The peak signal occurs when the centres of the electron bunahd the laser
pulse collide. Because of the gaussian distribution of efemns along the
direction of motion, adjusting the timing of the laser pulsecauses a variation
in the peak calorimeter signal. This variation can be used tdetermine the
optimum timing.

The reference time used was the initial detection of signad the BPM with

respect to the ring of the laser Q-switch signal. This timirg was changed by
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Figure 4.29: Variation in peak signal with QSW-BPM delay.

incrementally altering the delay of the Q-Switch trigger util the observed
signal on the oscilloscope was seen to be signi cantly lowtlran the peak
value. From a t of the results (Fig. 4.29), it was determinedthat a delay of
3584 ns produced the largest signal. However, due to the disoeetature of
the registers controlling the delay, a value of 358 ns was the closest value

which could be set.

4.8.6 Orbit bump scans

By using steering magnets to move the electron beam horizaity, it is pos-
sible to change the position along the laser beam at which theteraction
occurs. For a good quality laser, the Rayleigh range for the/stem would
mean that this positioning would not have much e ect on the bam spot

size over a distance of several millimetres. However, duettee poor mode
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Figure 4.30: By moving the electron beam along the axis of the laseed&m,
the variation in the width of the laser beam allows a t to be male to all
unknown parameters (left). The mean of the tted gaussian inFig. 4.28
varies as the electron beam is moved. This corresponds to tleser light
intersecting with the electron beam at an earlier point in tle scan, as would
be expected. This demonstrates that too short a focal lengtbr too limited
a scan range would not allow for a full scan of the electron bma

quality of the actual laser, as evidenced by the high value &l 2 found in
Sec. 4.5.2, the Rayleigh range was much shorter than had beswped. To
determine the e ect this had upon the signal, the electron kem was moved
horizontally in steps of approximately 02 mm over a range of around 7 mm,
and the sigma of the convoluted gaussian was measured at egusition,
(Fig. 4.30).

Fitting the resulting distribution for = P 2+ 2 where is given by
Eqg. 2.12, allows a determination ok 2, g, Xo and .. This measurement was

taken 10 months after the pro ling of the laser mentioned in &c. 4.5.2. In
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this time, it appears that the M 2 worsened from %6 to 1382. The electron
beam size and laser waist size remain consistent with prewgresults, at
7895 m and 3139 m respectively. However, the limited number of scans
at each position mean that the errors were far too large for ih to be a

reliable method of using the laserwire.

4.9 Summary

The laserwire has been demonstrated to be a plausible toof fdetermining
beam spot sizes of the order 100m. It is particulary useful in the PETRA
environment, where the circulation allows each measurenidn be made on
the same bunch. Tests of a second laserwire in KEK, Japan, leelvad success
in making measurements of even smaller beam sizes, down ton, although
the technical challenges are much greater in this instanc8€]. The recent
purchase of a new laser with signi cantly better mode quaklt should allow
for further testing [37]. If fast (multi-kHz) scanning can ke achieved, this may
be of use for emittance measurements on the same bunch in th€ldamping
rings, or within a bunch train in the ILC BDS. However, the exgcted bunch
sizes in the Interaction Region are still too small for thisype of system to
measure. Other laser-based devices have demonstrated measient of beam
spot sizes down to tens of nanometres [38, 39], although thesre outside

the scope of this thesis.
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5. Light Sources

Chapter 5

Light Sources

X-ray light sources are used in condensed matter experimsento study the
structure of matter on very small scales. The brightness of-Kay sources over
the past 40 years has increased exponentially, as shown irgF5.1. In this
chapter we brie y the discuss the development of increasitygbright X-ray
sources, and the progress towards the next generation ofhigsources. Fi-
nally, we introduce the Energy Recovery Linac Prototype, wikh is discussed

in more detail in Chapter 6.

5.1 First Generation

As an electron is accelerated in the eld of a bending magnet,emits radi-
ation over a wide spectral range, as show in Fig. 5.2. If a daal energy is
de ned such that 50 % of the radiated power comes from photorelow this
energy, we nd that for electrons with an energyE = mc? and a magnet of
bending radius = % whereL gipole IS the length of the dipole and gipole

is the bending angle, the critical energy is:

3hc 4

Eait = - A
crit 2 (5 )
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5. Light Sources 5.1 First Generation

Figure 5.1: The development of 8 keV X-ray source brilliance. [40]

Photons are emitted as a fan of radiation in the bending planand col-
limated within an angle of &= about the tangent to the beam trajectory
in the orthogonal plane. This limits the ux of available phaons arriving
at a detector of nite size with a xed position relative to the beam path
such that the number of synchrotron radiation photons reachg a detector

of width a at a distanceL from the area of emission is:

5 di
N =N —-p—- — 5.2
SR e2 3 ( )
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5. Light Sources 5.2 Second Generation

Figure 5.2: Predicted on-axis energy spectrum of bending magnetiation
from a 05 m dipole magnet with a eld strength of 0244 T from an electron
beam with energy 35 MeV. The critical energy is:Q99 eV. [41]

wheredl = 2 is the beam length over which photons emitted tangentiallyd
the beam will enter the detector and %7 Is the ne structure constant.

If we take the requirement from above that the critical energ be 30 keV
for a 0244 T bending magnet, using Eqg. 5.1 we nd that we require an

electron energy of 1% GeV. This corresponds to a bending radius of 185m.

5.2 Second Generation

In this instance, the electrons pass between a set of altetimg magnetic

poles in a \wiggler" structure. The spectral distribution remains similar
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Figure 5.3: Diagram showing the de nition of parameters for the callation
of the number of synchrotron radiation photons.

to that produced in a bending magnet, although the brightnes increases
considerably as the radiated photons are collimated abouhaangle na.angle
in the forward direction, given by Eq. 5.3, rather than beinglistributed over

a large region in the bending plane.

hatf-angle = K= (5.3)

In this caseK = eBy =2 mc is the undulator parameter for a wiggler with

period length , and eld strength By, and m is the electron mass.

5.3 Third Generation

For a weakly de ecting magnetic eld, the electron motion wihin the wig-

gler is approximately sinusoidal. In this case, we have an dulator. The
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radiation is then emitted coherently in a narrow bandwidth aound a central

value, given by Eg. 5.4.

(1+0:5BK2+ 22

= ) 5 (5.4)

wherei = harmonic number andK is small for a weakly de ecting magnetic
eld. In the limit where K 1, this can be shown to be equal to Eq. 2.5
with = and an undulator period , = jaser=2 @and K = hC= |ze. That
is, inverse Compton scattering acts as though the electrorsallates in an
undulator eld where the undulator period is half the wavelagth of the
incident photons. For an undulater period of 20 mm, electranof 8 GeV are
required to generate a photon energy of 30 keV.

Eq. 5.4 describes a correlation between photon energy andgémof emis-
sion. This allows us to select a chosen bandwidth by restring the angular
acceptance. For a required bandwidth = =1=N, whereN is the number

of undulator periods, we have:

(5.5)

%

cen

5.4 Free Electron Lasers

By stimulating the coherent undulator radiation into a satuation regime,
lasing can be induced, hence the name Free Electron Laser (JEThis can
be achieved spontaneously in a high-gain system, where thwsnoise of the

electron bunch is self-ampli ed by the emitted radiation, o by amplifying the
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output signal using a cavity as in a conventional laser. ThelFASH (formerly
TTF) facility at DESY has demonstrated a peak brightness of mre than
10?8 photons s * mm 2 mrad 2 0.1% bandwidth [42]. This is approximately

seven orders of magnitude greater than is achievable by a siinotron source.

5.5 4GLS

The most desirable property of a light source is to have highvarage ux
emission of photons. Widespread application of the electr@torage ring has
been the main method of attaining this | bunches of electronsare recir-
culated many times around the same path. This allows an avega current
of hundreds of milliamps. However, the beam properties are died by the
storage ring, and are dominated by the emission of synchrotr radiation
that the ring is designed to deliver. Vastly improved beam mperties can be
achieved if the necessity for long-term beam storage can lemoved.

The design of 4GLS makes use of an Energy Recovery Linac (ERL)
this case, the electrons are accelerated and circulate ordnce around the
ring before the system recovers their energy, dumps them aneplaces them
with new electrons. In this way, if the beam can be injected Wi favourable
brightness properties these can be maintained during the é&sion of radi-
ation. The design for 4GLS includes FELs covering the infrad, vacuum-
and extreme ultraviolet/X-ray regions of the spectrum. TheVUV-FEL in
the high average current loop will utilise the energy recowme system.

Potential upgrades to the 4GLS portfolio of light sources a&rcontinually

being assessed, particularly where these upgrades coulddasily incorpo-
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Figure 5.4: Layout of the 4GLS facility.

rated with the overall design and would improve the performace of the
machine. One possiblity is that an inverse Compton scatterg source could
be inserted to generate X-ray pulses with femtosecond pulkngths. This
source could be inserted into the XUV-FEL line. In this casete beam energy
is between 750 and 950 MeV, so in order to generate a maximunatsered
photon energy of 29 keV the crossing angle must be reduced to 536 at
the lower energy, as shown in Eqg. 2.5). The IR-FEL line is inteled to run
at energies between 25 and 60 MeV. This range includes the HRimachine
energy of 35 MeV. This would produce photons with the desirqukak energy

of 29 keV in a back-scattering geometry.
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5.6 ERLP

The Energy Recovery Linac Prototype (ERLP) is a technologyestbed for a
4th Generation Light Source (4GLS) [43]. It uses the same saipconducting
RF cavities which acccelerated the beam to decelerate it agaby passing
the beam back through at the appropriate phase in the RF. Thisumps the
beam energy back into the cavity, where it can then be used taeelerate the
next bunch. The primary aim of this machine is to demonstratéhat energy
recovery is viable in a machine where the electron bunch hasdn disrupted
by passing through a wiggler to generate an Infra-Red Free dgitron Laser

(IR-FEL). In the future it is also expected to be used to test ad demonstrate

Figure 5.5: Schematic of the ERLP. The crosshatched areas are reser
for inverse Compton scattering experiments. The interaatin will take place
in an OTR station located just upstream of the rst dipole magqet in the
second arc.
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other new technologies, such as the use of a helical undula&s a source of

polarised positrons.
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Chapter 6

Inverse Compton Source for

ERLP

An inverse Compton source (ICS) for the ERLP could provide arightness
comparable with that of other soft X-ray sources, as well asethonstrating
the feasibility of such a device for inclusion in the light sarce portfolio of
4GLS. The work in this chapter follows on from a preliminary xercise by
M. MacDonald of Daresbury Laboratory [44]. We discuss the nessary mod-
I cations to the ERLP optical lattice that would be required to make an ICS
competitive, and analyse the resulting radiation distribtion to determine
whether su cient brightness can be achieved to perform corehsed matter

experiments.

6.1 Interaction Region

6.1.1 Requirements

Egs. 2.13 and 2.14 show that the number of scattered photorssdependent on

the convolution of the transverse sizes of the electron andser beams, while
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the temporal length of the scattered radiation pulse is clely determined by
the lengths of the laser pulse and electron bunch. To study é¢hfeasibility of
both collision geometries which may be utilised in 4GLS, itsinecessary for
the ICS to be in a location in which both back-scattering and @ crossing
angle geometries can be satised. It is also required that #ne be some
method of separating the electrons from the scattered phats, and that
the bunch length be as short as possible. The solution shoutet require
changes to the layout for standard ERLP operation, nor shodlit require

any additional magnetic elements.

6.1.2 Proposed Solution

There is an optical transition radiation (OTR) chamber loc&ed just upstream
of the return arc. This location for the ICS has numerous advaages. It
would allow the drive laser to be installed in the laser roomearby, which
would allow easier synchronisation and linking with otherdsers in the ERLP,
most notably the photo-cathode laser for the electron gun.t is positioned
after the bunch compressor chicane, which allows the bunamigth to be var-
ied. It is immediately followed by a dipole magnet, (desigriad Ar2Dip01),
which allows the electron beam to be separated from the scated photons
and also provides a route for the laser beam to be inserted. A rossing an-
gle is also feasible at this location. For this location to besed, some method
of replacing or combining the OTR chamber with an interactia chamber will
need to be designed. There are four quadrupoles between th&FOstation

and the wiggler magnet which can be used to control focusingy]. This
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location places the ICS at a position of 4829 m along the beamline.

6.2 Beam Optics

The primary lattice for the ERLP is optimised for FEL-running and energy
recovery. This provides a short electron bunch at the centref the FEL wig-
gler, and delivers the bunch back to the cavities at the apppriate phase in
the RF for deceleration. The beta functions of this lattice ge shown Fig. 6.1.
Without modi cation, this con guration gives an electron beam size of hun-
dreds of microns at the suggested interaction point. The aglerator optics
parameters are calculated in two separate programs: MADS8 drelegant .
Both of these allow matching to be performed by varying the [l strengths
of individual magnets.

The available aperture and position for insertion of the lass beam con-
strains the available focus size. In order to increase the gion yield, we
therefore require that the transverse size of the electronreem be made as

small as possible at the interaction point.

6.2.1 MADS8

MADS is a tool for charged-particle optics in alternating gadient acceler-
ators and beamlines [46]. It performs linear lattice paranter calculations,
linear lattice matching, transfer matrix matching, surveycalculations, closed
orbit correction and particle tracking, and calculates chomatic e ects and
resonances, intra-beam scattering and Lie-algebraic aysis. The optical

lattice of the ERLP for the FEL-mode has been optimised in MAB to gen-
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Figure 6.1: Beta functions for the ERLP in FEL-mode. These values ar
based on lattice 8.4.

erate a short electron bunch focused at the mid-point of theiggler magnet.
Figure 6.1 shows the beta-functions in this mode. The shortubch length
is achieved by passing the bunch through a magnetic chicand. the elec-
tron bunch is accelerated o -crest in the RF cavity, a procescalled chirping,
then a correlation can be introduced between the longitudal position of a
particle within the bunch and its momentum. When the bunch tlen passes
through a magnetic chicane, the higher energy particles taka shorter path
than those with lower energy. If the chirp is arranged in such fashion that
the high energy particles are towards the rear of the bunchhé path di er-

ence through the chicane can be used to make the front of the rmh fall
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behind slightly, while the rear o the bunch will also catch wp slightly. The
net e ect of this is to reduce the length of the bunch at the cd=f increasing
the energy spread at a given longitudinal position, (see Fi@%.2). This can
be considered as a rotation of the phase space ellipse in thementum-time
of ight plane. The amount by which the ellipse rotates is desribed by the
transport matrix parameter Rsg, where R is a 6 6 matrix which maps the
intial particle parameters onto the nal parameters by:

0 1 0 1

X1 Xo
X3 X9
Y1 - R Yo 6.1)
y? ¥o
t; to
P1 Po

The return arc must compensate for the B of the bunch compressor chicane
in order for the bunch con guration to be correct for decelation at the
RF cavities. In this mode, the beam size at the ICS interactio point is
145 784 m. This is calculated using the beta functions shown in Fig..8
and Eq. 4.6, with a normalised emittance of 5 mm mrad. The stngths of
the magnets in the focusing region between the wiggler andettreturn arc
are given in Table 6.1.

With the location of the ICS chosen to be in the OTR-station pior to
Arc2, four quadrupoles are available to generate a tight el'on beam focus.

To obtain the maximum number of scattered photons, we requerthe beam
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Figure 6.2: Electron beam distribution in momentum-time space befe
(top) and after (bottom) the bunch compressor. The magnetichicane has
Rse = 0:28.

spot size to be as small as possible. However, the speci cais for the
power supplies the quadrupoles are insu cient to generateotus sizes below
100 100 m [47]. The quadrupoles themselves are recycled from Je ers
Laboratory and have rated strengths up to & T/m given appropriate power
supply and cooling arrangements [45]. By allowing the strgth of these
quadrupoles to vary and constraining the beta- and alpha-fictions of the
lattice to be zero at the OTR station, ie requiring the beam size to be as

small as possible and for a waist to be formed, we can determithe minimum
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Figure 6.3: Beta functions around the ICS location in FEL-mode.

Name Type L Strength | Strength | Rating
[m] [m 2] [T/m] [T/m]

endwig marker | 0.0

ST3DRIFTO1 | drift 0.2726

ST3QUADO1 | quad | 0.1524| 12.0 1.40 4.7

ST3DRIFTO2 | drift 0.4667

ST3QUADO2 | quad | 0.1524| -11.17 -1.30 4.7

ST3DRIFTO3 | drift 0.6003

ST3QUADO3 | quad | 0.1524| 10.45 1.22 4.7

ST3DRIFTO04 | drift 0.464

ST3QUADO4 | quad | 0.1524| -6.21 0.72 4.7

ST3DRIFTOS | drift 0.8088

Table 6.1: Wiggler to Return Arc speci cations for FEL-mode.

possible spot size at this location. If we also remove the &traints which

apply solely to the FEL-mode,ie that there be a waist at the centre of the
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Figure 6.4: Beta functions through the ERLP in ICS-mode.

Name Type | L Strength | Strength | Rating
[m] [m 2] [T/m] [T/m]
ST3QUADO1 | quad | 0.1524| -2.69 -0.31 4.7
ST3QUADO02 | quad | 0.1524| 11.05 1.29 4.7
ST3QUADO3 | quad | 0.1524| -9.74 -1.14 4.7
ST3QUADO4 | quad | 0.1524| 5.41 0.63 4.7

Table 6.2: Wiggler to Return Arc speci cations for ICS-mode. The dft
lengths remain the same as those given in Table 6.1.

wiggler, we can achieve a spot size of 56764 m. The strengths of the

magnets which are required in order to generate this con gation are given

in Table 6.2 and the beta functions in the region of the ICS lation are

shown in Fig.6.4.

As the constraint of a focus at the centre of the wiggler has be removed,
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6. Inverse Compton Source for ERLP 6.2 Beam Optics

Figure 6.5: Beta functions through the ERLP in ICS-mode. In this caswe
make use of the three quadrupoles between the bunch compogsand the
wiggler to aid in generating the smallest possible focus.

this allows the use of the three quadrupoles between the bimcompressor
and the wiggler to be varied in order to generate a tighter fas. If we also
remove the constraints on the beta functions prior to Ar2Dipl, which are
intended to ensure passage of the beam through the return afar energy
recovery, then these extra quadrupoles can be used in congtion with the
original four to generate a beam size at the ICS location of 3 245 m. The
magnet strengths which generate this beam spot are descube Table 6.3,
and the beta functions around the ICS location can be seen ing- 6.5. In
this modi cation, it may be necessary to dump the beam in a lation yet

to be determined.
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6. Inverse Compton Source for ERLP 6.2 Beam Optics

Name Type | L Strength | Strength | Rating
[m] [m 2] [T/m] [T/m]
ST2QUADOS | quad | 0.1524| 2.05 0.239 14
ST2QUADO6 | quad | 0.1524| -2.08 0.242 14
ST2QUADO7 | quad | 0.1524| 0.0055 | 6.4e-4 1.4
ST3QUADO1 | quad | 0.1524| 12.0 1.40 4.7
ST3QUADO2 | quad | 0.1524| -11.17 -1.30 4.7
ST3QUADO3 | quad | 0.1524| 10.45 1.22 4.7
ST3QUADO04 | quad | 0.1524| -6.21 0.72 4.7

Table 6.3: Wiggler to Return Arc speci cations for ICS-mode. In tls case
we make use of the three quadrupoles between the bunch congsie and the
wiggler to aid in generating the smallest possible focus.

6.2.2 elegant

elegant [48] is a fully 6-D electron generation and tracking code. litilises
a modi ed version of the MAD input format, and can perform thrd or-
der tracking of the electron distribution. While the beam spt sizes given
in Sec. 6.2.1 are derived from the nominal emittance of the ER and the
calculated beta functions from MADS8,elegant tracks the actual electron
distribution and so gives a value for the rms beam spot sizegettly. Emit-
tance values stated byelegant are also rms values.

elegant was used to track the bunch distribution through the ERLP
based on the optimised lattices from MADS. It can be seen in i 6.6 that
the two codes produce dierent beta functions based on the e optical

lattice. It was therefore necessary to determine which code continue in.
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6. Inverse Compton Source for ERLP 6.2 Beam Optics

Figure 6.6: Beta functions through the ERLP in FEL-mode. These vales
are from lattice 8.4. It is clear that the beta functions fromelegant dier
from those calculated in MADS8 (Fig. 6.1).

6.2.3 Comparison of Tracking Codes

The most recent lattice le was arranged for MADS8, while the kctron bunch
input le was in the SDDS-format which is used inelegant . As elegant uses
a variant of the MAD input format, it is a simple matter to compare the
output generated by the two codes for the same lattice. Tabl6.4 shows
the di erent beta functions and beam spot sizes given by botMADS8 and
elegant for the three lattices described in Sec. 6.2.1. We see thalegant
calculates larger beam sizes than MADS.

Figs. 6.7 and 6.8 demonstrate that the di erences in the opts parameter

calculations between MAD andelegant begin at accelerating elements. It
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6. Inverse Compton Source for ERLP 6.2 Beam Optics

Figure 6.7: Beta functions for the ERLP from the beginning of Arcl in
MADS (top) and elegant (bottom). The nal decelerating cavities are re-
placed with drifts of equal length. In this case we note thattte beta functions

are identical between the two codes.
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6. Inverse Compton Source for ERLP 6.2 Beam Optics

Figure 6.8: Beta functions for the ERLP from the beginning of Arcl in
MADS (top) and elegant (bottom). The nal decelerating cavities are in-
cluded. In this case we note that the beta functions di er bateen MADS8
and elegant only after the beginning of the cavities.
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6. Inverse Compton Source for ERLP 6.2 Beam Optics

MAD8 x[ml oy [m]| x[m] [ mj
FEL-mode | 0.288 8.361| 73 392
ICS-mode | 0.043 7.932| 28 382
ICS 7Quads| 0.020 0.818| 19 123
elegant

FEL-mode | 0.290 16.90| 170 553
ICS-mode | 0.407 43.06| 242 985
ICS 7Quads| 0.0291 1.328| 48 192

Table 6.4: Comparison of beam parameters at the ICS location in MAD
and elegant using identical magent settings. The normalised emittances
assumed to be 5 mm mrad. This represents Zor a gaussian beam. For
comparison with elegant this value is halved to generate rms beam sizes,
assuming a gaussian bunch. Beam sizes in elegant are cakewldrom particle
tracking, and are rms beam sizes.

was determined that this was because MADS8 does not correcgherform end-
focusing for RF cavities [49]. Based on this, it was decidetidt the lattice

should be reoptimised irelegant .

6.2.4 Optimisation

elegant allows opimisation for all beam parameters. In the case of-in
verse Compton scattering, the X-ray brightness is maximigeby reducing
the electron beam size to a minimunne the constraints of the optimisation
are ; y! O0togenerate the minimum spot size, andy; ! 0 so thatthe
beam is at a waist. We also require that there be zero dispessi at the en-
trance to the return arc in order to minimise losses into Ar2ip01 that could
cause damage or backgrounds. Given that the ERLP would have be run
as a dedicated inverse Compton source, some thought was give whether

the wiggler magnet could be removed and replaced with a sewmti of beam

86



6. Inverse Compton Source for ERLP 6.2 Beam Optics

x [ m]| y [ m]| Waist position [m] | Wiggler?
27.03 |7.12 0.32352 n
2159 | 13.41 |0.08088 n
2443 | 15.16 | 0.32352 n
1345 |19.81 | 0.32352 y
17.55 | 22.00 | 0.08088 n
16.17 | 27.10 | 0.32352 n
16.23 | 27.10 | 0.32352 n
14.06 |31.29 | 0.32352 y

Table 6.5: Minimised electron beam sizes fromlegant , along with the
distance of the optimised focus from the end of the nal focusg quadrupole,
and whether the wiggler magnet was included. The OTR statiors located
at 0:32352 m.

pipe. This would further reduce the constraints in the regio immediately
upstream of the ICS location. As an exercise to determine thminimum

possible electron beam spot size, the waist position of thieetron beam was
permitted to vary between the end of the nal focusing quadrpole and the
beginning of the bending magnet. The resulting beam sizeseashown in
Table 6.5.

As can be seen, it was found to be possible to achieve a smadiceion
focus size while still including the wiggler magnet. In botlof these cases, the
focus is located at the position of the OTR chamber, and so itag decided
that the wiggler should remain. The nal optics are then chosn by which
remaining lattice produces the smallest focus. This gave aal electron beam
focus spot size of , = 13:45 m and , = 19:81 m. The results of this
optimisation are shown in Fig. 6.9. The beta functions in theegion of the
ICS location are shown in Fig. 6.10.

Optimisation of the beam line downstream of the interactiorpoint has
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6. Inverse Compton Source for ERLP 6.2 Beam Optics

Figure 6.9: Beta functions for the optimised ICS lattice fronelegant , using
the seven quadrupoles described in Table 6.6.

Figure 6.10: Beta functions for the optimised ICS lattice fromelegant
in the region of the ICS location, using the seven quadrupalalescribed in
Table 6.6.
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6. Inverse Compton Source for ERLP 6.3 Scattered Radiation

not been performed here. Since we have abandoned energy vego for
the ICS mode, it is expected that the beam will be dumped shadyt after
Ar2Dip01. Further work is necessary to determine whether engy recovery
can be achieved simultaneously. If this is possible, it mayeban option to
run the ICS with a fully loaded beam rather than in single bunkc mode.
This would dramatically increase the time-averaged brightess of the inverse

Compton source.

Name Type | L Strength | Strength | Rating
[m] [m 2] [T/m] [T/m]
ST2QUADOS | quad | 0.1524| 2.80 0.327 14
ST2QUADOG6 | quad | 0.1524| -9.30 -1.09 1.4
ST2QUADO7 | quad | 0.1524| 12.0 1.40 1.4
ST3QUADO1 | quad | 0.1524| 20.56 2.40 4.7
ST3QUADO2 | quad | 0.1524| 5.05 0.589 4.7
ST3QUADO3 | quad | 0.1524| -14.57 -1.70 4.7
ST3QUADO04 | quad | 0.1524| 25.66 2.99 4.7

Table 6.6: Wiggler to Return Arc speci cations for ICS-mode fronelegant .
In this case we make use of the three quadrupoles between thenth com-
pressor and the wiggler to aid in generating the smallest psible focus.

6.3 Scattered Radiation

The ERLP will run at a beam energy of 35 MeV. From Eq. 2.5, we sdkat
a back-scattering geometry using an 800 nm wavelength lasgill generate
photons with a peak energy of approximately 29 keV, and fromi¢. 2.3 we
see that scattered photons within a cone of half-opening adegof 1=2 will

have an energy bandwidth of approximately 14 %.
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6. Inverse Compton Source for ERLP 6.3 Scattered Radiation

6.3.1 Photon Flux

Having minimised the electron beam size at the ICS locationt becomes
necessary to match the laser beam spot size to this in order neaximise the
ux of scattered photons. From Eg. 2.13 we nd that the ux is inversely
proportional to the laser beam waist size. However, this egtion does not
take account of the variation in the laser spot size along thbeam axis.
Fig. 6.11 shows the results of a full numerical solution to #hoverlap integral
in Eq 2.9 for the electron beam con gurations generated in e6.2.4. The
resulting number of photons scattered from a laser focus 00 2m rms by
each of these beam con guratons is given in Table 6.9.
Applying a rotation to the electron beam, we can also accourfor the
e ect of the crossing angle on the photon ux. In order to makethe full
description of the system as simple as possible, we x the &asbeam to be

travelling along the z-axis and rotate the frame of reference of the electron

Bunch charge 80 pC
Electron Energy 35 MeV
Normalised emittance | 5 mm mrad
Electron Energy Spread 0:2 %
Bunch length (rms) 300 fs

Table 6.7: Parameters of the electron beam in the ERLP.

Pulse energy 0:8J

Pulse length 200 fs

Wavelength 800 nm
Quality factor (M?) | < 15

Table 6.8: Parameters of the laser beam which provides the incidgghotons
for inverse Compton scattering.
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6. Inverse Compton Source for ERLP 6.3 Scattered Radiation

Figure 6.11: Full numerical calculations of the number of scattedeX-ray
photons per bunch crossing as a function of the laser focalossize. .
Several di erent electron beam geometries are plotted. El&on and laser
beam properties are given in Tables 6.7 and 6.8 respectively

Electron beam , ( m) | Electron beam , ( m) [ N (10"
21.6 13.4 2.39
27.0 7.1 2.37
17.6 22.0 2.14
24.4 15.2 2.14
13.5 19.8 2.50

Table 6.9: Achievable electron beam sizes at the interaction poiand the
corresponding photon production from a 20 m rms laser spot.

beam, ie: «(X;y;z;t)! &(x%y;Zz%t) where:

0 0 10 1

1
F@ x° o F@ co.s sin ¢ F@ X 6.2)

z0 sin  cos z
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6. Inverse Compton Source for ERLP 6.3 Scattered Radiation

Figure 6.12: The same calculations from Fig. 6.11 are applied with held
constant as described above. We notice that the functionabfm remains
close to that of the full calculation above a laser beam spotze of a few
microns. Results are shown for (top) back-scattering = and (bottom)
side-scattering = =2 geometries.
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6. Inverse Compton Source for ERLP 6.3 Scattered Radiation

and ( k)=k! cos . The eect of a =2 radian rotation, ie scattering

from a 90 geometry, is demonstrated in Fig. 6.12.

6.3.2 Temporal Prole

The total photon ux does not occur instantaneously, but is dstributed in

time depending on the rate of change of the overlap integralthat is:

777 .
d_N = dxdxdz CM

dt dx (6.3)

Evaluating this gives a pro le of the photon bunch along the ppagating di-

rection. The results of these calculations are given in Fi¢.13 and Fig. 6.14.

Figure 6.13: X-ray production rate (photonss 1) as a function of time. For
beam parameters from Tables 6.7 and 6.8, the rms pulse lengththe X-rays
Is 153 fs for a back-scattering geometry.
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6. Inverse Compton Source for ERLP 6.3 Scattered Radiation

Figure 6.14: X-ray production rate (photonss !) as a function of time. For
beam parameters from Tables 6.7 and 6.8, the rms pulse lengththe X-rays
is 78 fs for a 90 crossing angle.

As a complementary light source for 4GLS, the ERLP X-ray soge must
maintain the features that a 4GLS light source requires. Thenajor point
of these is ultra-short pulse lengths. This is amply demonstted by the
ICS, with pulse lengths show here of between 78 and 153 fs f@ @nd

back-scattering geometries respectively.

6.3.3 E ects of Jitter

Throughout the above, it has been assumed that the electromd photon
bunches have been interacting at the time and position reqeid to generate
maximum X-ray ux, ie (X;y;z)e. = 0. Figs. 6.15 and 6.16 show the ef-
fects of beam misalignments in the cases of back-scatteriagd 90 crossing

angles respectively. It is clear that small deviations in th position of the
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6. Inverse Compton Source for ERLP 6.3 Scattered Radiation

Figure 6.15: E ect of beam misalignments on the total photon scattéeng
rate. Here we have used an electron beam with =13:45 m, , =19:81 m
and a laser beam with ¢ =20 m in a backscattering geometry.x, and yq
are the distances between the beam centras,Xg = X X .

electron and laser beams can cause large reductions in thex of scattered
photons. There have not yet been any in depth studies of jittan the ERLP,
although the speci cations which have been required for thérive laser state
a timing jitter of less than 400 ps. If we assume as a generall@uhat the
rms spatial jitter of both beams is to be equal to the rms sizef the beam in
each direction, we can then determine the e ects of this on #&htotal X-ray
production in both back- and side-scattering geometriés From Eq. 2.13 we

see that, for a back-scattering geometry, the X-ray produin falls o as a

1We do not look speci cally at the top-scattering geometry, as this is a trivial x;y $ y;x
transformation on the laser beam.
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6. Inverse Compton Source for ERLP 6.3 Scattered Radiation

Figure 6.16: E ect of beam misalignments on the total photon scattéeng
rate. Here we have used an electron beam with =13:45 m, , =19:81 m
and a laser beam with ; =20 m in a side-scattering geometry.

Gaussian dependent on the separation of the bunch centresxrand y.

Fig. 6.17 shows the importance of minimizing jitter | with sp atial jitter
which has an rms equal to the beam spot size, the mean numbersobttered
photons per bunch crossing is reduced to only 29 % of the peaMue in the
back-scattering geometry, and as low as 9 % for a 9€rossing angle. Timing
jitter is particularly detrimental in the case of side-scatering due to the short

electron bunches and laser pulses.
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6. Inverse Compton Source for ERLP 6.4 Simulation of Scatted Photons

() (b)

Figure 6.17: The e ects of rms 400 ps timing jitter and position jiter with

an rms equal to the beam spot size in all planes on both beams @) back-

scattering and (b) side-scattering geometries. Each plohews 100 bunch
crossings with random spatial and timing o sets sampled firm a Gaussian
with a width equal to the relevant beam size.

6.4 Simulation of Scattered Photons

The correlation between the scattered X-ray energy and areggbf emission is
based on a xed trajectory for the incident photon and elecon. However,
in a bunch of 5 10® particles, there is a distribution in positions and angles.
This contributes to a spread in the scattered photons' eneies. There are

three major contributions to this energy spread:

= Laser bandwidth (6.4)

kO
o = 2— Electron energy spread (6.5)
?2( x%2 Electron divergence (6.6)

In the case where the laser focal spot is greater than 1 the laser di-

vergence does not contribute signi cantly to the X-ray eneagy spread. From
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(a) Spatial distribution for (b) Mean energy in keV of
~5 10 photons. photons in each 8 8 mm bin
of (a).

Figure 6.18: The distribution of photons and their mean energies at plane
5 m from the interaction point.

(a) Photon energy (b) Photon angular
distribution. cf Fig. 2.4. distribution. cf Fig. 2.3.

Figure 6.19: Distribution of scattered photon energies and anglé®m BD-
SIM.

Table 6.9, we see that an electron beam size of:33m 198 m produces
the highest photon count from a laser with a 20 m rms focus. The electron
bunch pro le at the interaction point is then taken from elegant and con-

verted for use in BDSIM. In BDSIM, the bunch is then simulatednteracting
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6. Inverse Compton Source for ERLP 6.4 Simulation of Scatted Photons

(a) Photon distribution in  (b) Photon rms energy spread
terms of energy and angle of as a function of angle of
scattering. cf Fig. 2.3. emission.

Figure 6.20: Scattered photon energies and rms energy spread. Tlaue
of each point in Figure (b) is the which results from tting a Gaussian to
each vertical bin in (a). The energy cut ok®> 1 keV causes the t to fail
above angles of around 80 mrad, so the energy spread in thigios appears
larger than the true value.

with a laser of wavelength 800 nm and the scattered photonseapropagated
5 m to a detector plane, with a cut on the photon energy of 1 keVThe
cross section for the interaction is normalised to 1 in BDSIMso that each
electron produces 1 photon. We generate 500000 events inesrtb produce
a smooth distribution | as shown above, one bunch produces gmroximately
2:5 10’ photons so these distributions represent 2 % of the scatteg from
one bunch crossing. The resulting photon distributions at alane 5 m from

the interaction point are displayed in Figs. 6.18, 6.19 and.B0.
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6.4.1 Brightness

For comparison with previous work [44], we de ne the brightaess to be:

F
B= ——— 6.7
4 2 X y x0 yo ( )
whereF is the photon ux per 0:1 % energy bandpass. Table 6.10 summarises
the photon yield and time-averaged brightness for severalbay sources, while
Tables 6.11 and 6.12 give the parameters for the modi ed ERL&nd those of

the Pleiades dedicated inverse Compton source for compans The values

‘10° x 7
120F Entries 463960 E Entries 463960
F M -2.314 E Mean 0.3859
: RMS 11.37 45000 :_ RMS 15.4
100~ 40000F
5 35000
80 E
s 30000F
s0F 25000
r 20000F
401 15000F
s 10000
i ‘A.:»"HJJ :
r 5000f
L.l ! \L"\mm\ ! ! Bl I 1 | ! I !
860-80 60 -40 -20 0 20 40 60 80 100 90080 -60 -40 20 0 20 40 60 80 100
x (mm) y (nm)
hxp hyp
30000F Entries 463960 F Entries 463960
; me 2| ssooof
25000F 30000F
20000F 25000F
15000F 200005
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5000F 5000
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Figure 6.21: Scattered photon bunch distributions at the interagon point
in (top left) x, (top right) y, (bottom left) x°and (bottom right) y° We
nd rms values for these of 1137 m, 154 m, 1872 mrad and 174 mrad

respectively.
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of ..o are taken from the scattered photon distribution at the inteaction
point, as modelled in BDSIM, (see Fig. 6.21). We see from Tabb.10 that
the time-averaged brightness of the modi ed ERLP Compton soce will be
approximately three times greater than was initially achieed at Pleiades
[50]. However, the planned Pleiades source upgrade is irded to reduce the
electron beam spot size to 15 15 m, and to increase the photon yield by

a factor of 100. This should boost the time-averaged brightss by a factor

of 200.

Source Photons per bunch| Time-averaged brightness

per (0:1 % b.p.) | per (mm? mrad® s 01 % b.p.)

ERLP 300 300 m 15 2.1

4GLS 14 10° 35 10
Vanderbilt Uni 1 1¢° 6:3 10°

Pleiades (initial run) 1.3 10° 58 10

Pleiades (upgrade) 110 25 10

JLab 0.017 48 10°

ERLP 14 20 m 4:14 10 1:83 10°

Table 6.10: Summary of the photon yield and time-averaged brightiss for
di erent inverse Compton scattering X-ray sources. Thesealues have been
collated from [44], and are presented here for ease of compan.

6.5 Summary

Given the limitations in the speci cations taken for the ERLP X-ray source,
it is clear that the overall performance should be able to eged that which
has been achieved in the initial run of the Pleiades experimie The overall
limit on the brightness is set by the intrinsic spot size of te ERLP, which is

limited by the design requirements for the energy recoveryBt. mode.
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6.5 Summary

1=2 collection

Full collection

Maximum Photon Energy
Minimum pulse length (rms)
Time-averaged Flux

(N /s/0:1% b.p.)

Photons per bunch/Q1% b.p.
Repetition Frequency
Bandpass
Time-averaged/Peak Brightness
(N /mm2/mrad?/s/0.1% b.p.)
Divergence

Source Size

Laser, Time averaged power
Laser wavelength

Electron Energy

Electron Bunch Charge

29 keV
155 fs
414 10°

4:14 10¢
10 Hz
15 %
1:83 10°=1:18 10v

187 174 mrad
1114 154 m
8 W (0:8 J, 10 Hz)
800 nm
35 MeV
80 pC

29 keV
155 fs
1:25 10°

1:25 10*
10 Hz
200 %
5:54 10°=3:57 10

187 174 mrad
1114 154 m
8 W (0:8 J, 10 Hz)
800 nm
35 MeV
80 pC

Table 6.11: Parameter table for an ERLP inverse Compton source leson
simulation in elegant and BDSIM, (see Fig. 6.21).

Maximum Photon Energy
Minimum pulse length

Time-averaged Flux
(N /s/0:1% b.p.)

70{78 keV
2 ps
(300 fs for reduced charge
1:3 10

Photons per bunch/Q1% b.p.
Repetition Frequency
Bandpass

Time-averaged/Peak Brightness
(N /mm2/mrad?/s/0.1% b.p.)
Divergence

Source Size

Laser, Time averaged power
Laser wavelength
Electron Energy

Electron Bunch Charge

1:3 1¢°

10 Hz (assumed)
100 %

5:8 10°=2:9 10"

3 47 mrad
20 20 m (laser)
50 50 m (electron)
2 W (0:2 J, 10 Hz)
820 nm
54{57 MeV
270 pC

Table 6.12: Parameter table for the Pleiades inverse Compton saer [50].
The Pleiades source collects a half-angle ofZ3 .
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Chapter 7

Summary

Laserwire Studies

In the preceding chapters we have shown that the scattereddiation from
laser-electron interactions can be used as a diagnostic kawo electron accel-
erators. The work with the PETRA Laserwire system has demotrated the
ability to measure beam sizes of order 100m (Fig. 4.23 and Fig. 4.28) using
a laser beam focused to a spot size of 3. Although the inclusion of a
beampipe window has allowed a decrease in scanning time frd& minutes
down to 30 s, (Sec. 4.8.4) this is still insu cient for use in he ILC, where
intra-train scanning will require scan times of order 100s for a single scan.
Requiring multiple scans within a train will limit the avail able scanning time
proportionally. To this end, further research is ongoing t@enerate a beam
scanning system capable of operating at a rate of tens of kilertz [51]. Work
is also in progress at the ATF facility in KEK to demonstrate he ability to
focus a laser beam to micron spot sizes. In combination, thesei of fast
scanning and micron beam sizes could allow the use of a Lasezwsystem

as an intra-train beam size monitor in the ILC at any locationprior to the
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Interaction Region.

ERLP Studies

Two particular features of inverse Compton scattering makghis process an
interesting source of radiation for user experiments: theuhability of the
peak photon energy and the correlation between angular aptance and
bandwidth. In order to make this a viable source of radiatiorat the ERLP,
it has been necessary to demonstrate that an inverse Comptsaurce could
be designed which would generate radiation with a high brigiess. By
optimally modifying the quadrupole strengths of the ERLP inthe section
between the bunch compressor and the selected interactioaipt, the electron
bunch spot size can be reduced to ¥5 1981 m (Table 6.9). Calculations
show that with a laser focused to an rms spot size of 20n, a photon ux
of order 10 /BX can be achieved (Fig. 6.12). Based on these numbers, the
calculated time-averaged brightness of the ERLP inverse @mpton source
has been shown to be comparable with that which can be achievat other
inverse Compton sources (Table 6.10). In addition, the ulé-short bunches
(of order 100 fs) which can be generated lead to a peak brigbss several
orders of magnitude greater than can be achieved with stanahwiggler

synchrotrons (Fig. 5.1 and Table 6.11).
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Appendix A

Derivation of Klein-Nishina
Formula for Compton

Scattering Cross Section

Compton scattering is the absorption and subsequent emisai of a photon
from an electrort. If the incident photon absorbed by the electron at one

vertex can be represented by

A (x;k) = p% (e kx4 gk (A.1)

then the photon emitted at the second vertex is

A°(x%KY = p—zto\/ O(e *+ X)) (A2)

This process conserves energy and momentum according to

k+pi = K%+ p (A.3)

IThis derivation is included for completeness, and is takendrgely from [52].
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wherek and k° are the 4-momenta of the incident and emitted photons, and
pir are those of the electron in its initial and nal states.

By inserting (A.1) and (A.2) into the second order S-matrix ad taking
the Fourier transform into momentum space, we get

q

S = e m2 1
! V2 EfE r'ﬁk 2k9(2 )4 4(p; +kO pi k)

[
upr;st) (1 6)gegm( 16)+( 16)5gm( 16) ulp;s)
(A.4)
which describes the Feynman diagrams of Fig. A.1. Three tesmwith a
4-function requiring 4-momenta conditions which do not applin this inter-

action? have been dropped.

Figure A.1l: The two rst order diagrams for Compton scattering. These
correspond to the terms in Eq. A.4, where the denominator eqls
a)@+ & m,andb)@ 6k° m.

The cross sectiord is then formed by taking the square of the amplitude

of Eq. A.4, diving by (2 )* 4(0) to form a rate, dividing by the incident ux

2These conditions arep; = pr + k+ k%and p; = p; + k + k% which are impossible to
satisfy, and k%+ p; = k + pr which cannot be simultaneously satis ed with our original
condition in (A.3)
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jvj=V and by the number of target particles per unit volume £V. We then

sum over the phase spac&/P=(2 )%dp; dkJ to get

4
d = 5 gzrlz]Eijvj (A-5)
. 2
u(pr;st) 6%5 6% 65 6° U(PiS)

3 310
o+ K KRGS

In the laboratory frame where the electron is initially at rest, m=KE;jv]
is 1=k, and the integral of all photons scattered into solid angle o about

an angle gives

Z @ OZ 3
d o I AN a0 bk (A.6)
2kOo ~ E;
1
=md w KA (k+p kP m?) (k+m K (A7)
ZOk+m
=md KK 2m(k k)  2kkq1 cos)]  (A.8)
0
kOZ
- id kO (Ag)

where we have used the identity

d3p Zl Zl
— = dp (pp  m?)dPp= dp(pp M) (po)
2E . 8
E1forpo>0
(o) =
- 0 forpp<O

We notice that the -function in Eq. A.9 requires that

k

k°=
1+ (k=m)(1 cos)

(A.10)
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which is the same as the derived kinematic requirements frokg. 2.5 when

the electron is at rest: thatis, =0and = . From this, Eq. A.5 reduces
to
d , kKO 2 o 1 i 0 ?
— = — : -+ L " Q.
d k U(pf,Sf) 6®i+ B m 6 6®| 6k0 m 6 u(pl’sl)
(A.12)

which describes the cross section when both electron and phroare polarised
in the initial and nal states. By choosing a gauge in which tle initial and

nal photons are transversely polarised in the laboratoryrime so that

=(0;") with" k=0
°=(0;"% with "° k°=0
We ndthat p = ° p =0 and the spinor factors become

6068+ 6 6°&°
2k p 2Kk0 p

u(pe;s)( )u(pss) = u(pr;sr) u(pi;si) (A.12)
where we have used the properties of Dirac spinors such that:

(@ + m) &u(pi;s)=6( 6p + mu(pi;s) =0 (A.13)

Combining this with Eq. A.11, we then take the sum over nal sms s; and

average over the initial spinss; to obtain the cross section for an unpolarised
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electron.
d 1X d
== — A.14
d 2 d ( )
Si ;St
— 2 K2 B+m & , %% fi+
= 7 % I f2m kp T 2K0p ﬁme (A.15)
&66° + &%%
2Kk pi 2k0p;

This leaves three distinct traces to be evaluated, as the @® terms with

denominator k p;)(k° p) are identical by Trace theorem 6.

T,=Tr( @ + m)6°6&(H + m) &66° (A.16)
=Tr @ 6°66¢ 666° (A.17)
=Tr2k p @ 6°6666° (A.18)
=8k pi(k pr +2k °pr 9 (A.19)
=8k p k° p+2(k 9?2 (A.20)

where terms proportional tom? vanish because? = 0 and we have used

Trace theorems 1 and . We can then evaluate:

T, =Tr( @ + m) 6 6°&%H, + m) 6°6°6 (A21)

in a similar way, noticing that this di ers from T; only by the substitution

3TI'[ @ 6 @2;1] = TI’[ Gon &o ﬁl]
Ty Gn]=a; aTrfé: &, a; azTr[6, 6y G|+ +a; a,Tr[6 &y 1]
Tr{é  @n]=a a6 6y 1]
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k$ ° k%and so:

T,=8k% p k p+2(k® )? (A.22)

For the last trace, we nd:

Ta=Tr( ¢ + m) 6°6 &(H + m) 6°6°6 (A.23)
=Tr(® +m)6°6 & + m) 6°6°6+Tr( & 6k% 6°6 & B G°6°EA.24)
= Tr(® +m)&® + m) &°6°66°6+2k °Tr( 1) & @ &°6°(A.25)

2k0 Tr( 1)66& @ &°
=2k pTr @ 6°6°66°6 8k 9%k° p+8(k° )k p (A.26)

=8(k p)(k® p)[2(° )* 1] 8k 9%k p+8(k® )k p(A.27)

Putting these traces into Eq. A.15, we have the Klein-Nishia [1] formula for
Compton scattering:
2 k% kO k

- K K. K 0 2
=5 k+k0+4( ) 2 (A.28)

Q.‘D_

with k and k®related by the scattering angle according to Eq. A.10. Finbj
we sum over the nal photon polarisations © average over the initial photon
polarisations , and integrate about the azimuthal angle for the unpolarise

Cross section:

=r2 — Kk 1+ cos (A.29)
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