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Abstract

The In ternational Linear Collider (ILC), a high precision electron-p ositron

mac hine with cen tre of mass energy extending up to the T eV scale, is curen tly

b eing prop osed and designed. With unpreceden ted small b eam size and high

in tensit y the ILC aims at luminosities of the order of 10

34

cm

� 2

s

� 1

. Careful mon-

itoring of the b eam parameters that a�ect the luminosit y will b e mandatory if

these am bitious goals are to b e ac hiev ed.

One of the k ey parameters is b eam emittance, the optimisation of whic h requires

b eam size monitors with micron resolution. With this aim, a non-in v asiv e laser-

wire monitor protot yp e w as designed, installed and run at the PETRA ring. Prior

to its installation, bac kground sim ulations and measuremen ts w ere p erformed to

v erify that they w ould b e lo w enough to allo w the laser-wire programme to pro-

ceed. A lead-tungstate crystal calorimeter for the laser-wire w as commissioned,

including a study of temp erature dep endance, geometrical acceptance and energy

resp onse. The �rst laser-wire measuremen ts of the PETRA p ositron b eam size

w ere then p erformed. The system, calibration and results are rep orted here.

A t the ILC, b eam energy spread and b eamstrahlung e�ects mo dify the luminosit y

sp ectrum. Determination of these e�ects is crucial in order to extract precision

ph ysics from threshold scans. In order to pro vide a run-time diagnostic sc heme to

address this, a fast luminosit y sp ectrum measuremen t tec hnique emplo ying for-

w ard calorimetry and statistical unfolding w as devised, using the Bhabha pro cess

at lo w angles. The sc heme is describ ed and �rst results are presen ted.
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Chapter 1

In tro duction

The In ternational Linear Collider (ILC) will b e a T eV-scale electron-p ositron

collider with high luminosit y of the order of 10

34

cm

� 2

s

� 1

. It will pro vide a to ol

for scien tists to address man y of the most comp elling questions of the 21st cen tury

- questions ab out dark matter, extra dimensions and the fundamen tal nature of

matter, energy , space and time.

The standard mo del (SM) used to describ ed the elemen tary particles has

sev eral w eaknesses. The ILC, due to its high precision and T eV-scale cen tre of

mass energy , will address some of these w eaknesses. In particular it will allo w a

profound study of the electro w eak symmetry breaking mec hanism and prob e the

c haracteristics of the Higgs b oson, if it exists. Alternativ e mec hanisms will also

b e tested to high precision. Chap. 2 describ es the SM and some of the theories

b ey ond it. The p oten tial ph ysics studies of the ILC are emphasised and ho w the

Large Hadron collider (LHC) and the ILC programmes can b ene�t from eac h

other is presen ted.

The ILC will b e based on sup erconducting Niobium ca vities as recommended

b y the In ternational T ec hnology Recommendation P anel (ITRP) in 2004. TESLA,

at the time of writing, is the only full accelerator design based on this tec hnology

and th us is describ ed in Chap. 3. The full detector is depicted in this c hapter

with sp ecial emphasis on forw ard calorimetry , whic h is needed for the luminosit y

sp ectrum analysis presen ted in Chap. 6.

1



A t high energies, ph ysics cross-sections in general scale as 1 = (energy )

2

and so

higher luminosit y is required to coun ter this. Lo w emittance is essen tial for high

luminosit y and to ac hiev e it man y diagnostic systems are needed. The laser-wire,

a non-in v asiv e laser based transv erse b eam size monitor, is one suc h system and

is b eing tested at the PETRA ring in view to using it for the ILC. It op erates

b y fo cusing laser ligh t do wn to a small sp ot size that can b e scanned across

the p ositron b eam pro ducing Compton scattered photons, detected do wnstream.

Bac kground pro cesses at t w o lo cations in PETRA w ere measured and are pre-

sen ted in Chap. 4. The bac kground lev el w as sho wn to b e lo w enough to pro ceed

with the installation of the laser-wire system.

T o collect the Compton signal, a compact, radiation hard calorimeter based on

lead-tungstate crystals w as built and commissioned. Beam tests w ere p erformed

to c haracterise its temp erature dep endence, geometrical acceptance and energy

resp onse. After this calibration, the calorimeter w as then used to measure the

total energy dep osit from laser-wire ev en ts. Analysis of the resulting sp ectra w as

p erformed to pro duce the �rst laser-wire measuremen ts of the PETRA p ositron

b eam size, whic h are presen ted in Chap. 5.

The v ariable cen tre of mass energy of the ILC will allo w energy scans o v er

particle pro duction thresholds and so enable the c haracteristics of the particles

suc h as their mass to b e accurately determined. The abilit y to do this is limited

b y the accuracy to whic h the shap e of the luminosit y sp ectrum can b e measured.

This shap e is determined primarily b y initial state radiation, b eamstrahlung and

b eam energy spread parameters.

As a b eam diagnostic to ol, a fast luminosit y sp ectrum tec hnique emplo ying

forw ard calorimetry and statistical unfolding metho ds w as devised, using the

Bhabha pro cess at lo w angle. Chap. 6 presen ts this tec hnique and sho ws that a

resolution of less than 1% lev el is obtained within 2 hours of mac hine running. The

tec hnique pro vides a p oten tialy imp ortan t to ol to trac k the luminosit y sp ectrum

as it ev olv es o v er man y hours and th us op en the p ossibilit y of making corrections

in real time to tune the mac hine.

2



Chapter 2

An Ov erview of P article Ph ysics

in the Standard Mo del and

Bey ond

2.1 In tro duction

The Standard Mo del (SM) of elemen tary particle ph ysics pro vides an extremely

successful description of all particle ph ysics phenomena accessible to presen t da y

accelerators. Within the SM, matter is divided in to t w o t yp es of elemen tary par-

ticles, leptons and quarks, and the in teractions b et w een the particles o ccurs via

messengers (gauge b osons) whic h c haracterise the forces. Despite all its success,

n umerous puzzles are still remaining. One puzzle is the mec hanism of Elec-

tro w eak Symmetry Breaking (EWSB), whic h tac kles the question of the particle

masses via the Higgs Boson, another puzzle is the so-called hierarc h y problem,

whic h deals with the wide separation b et w een the electro w eak and the Planc k

scales. Theories, suc h as sup ersymmetry , arose whic h could pro vide, if disco v-

ered, some answ ers to these outstanding questions but this will require probing

more profoundly the related phenomenology with high precision. A lepton linear

collider whose energy is b ey ond the curren t reac h of accelerators w ould pro vide

the appropriate to ol to unra v el man y of the p ossible extensions to the SM. In this
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LEPTONS

Flavour Char ge ( � e ) Mass (MeV)

�rst e -1 0.51099892 � 4 10

� 8

generation �

e

0 < 0 : 3 � 10

� 6

second � -1 105.658364 � 9 10

� 5

generation �

�

0 < 0 : 19

third � -1 1777.05

+0 : 19

� 0 : 26

generation �

�

0 < 18 : 2

T able 2.1: The three generations of Leptons, their c harge and mass [8 ].

c hapter, the SM will b e describ ed brie
y in order to giv e a broad o v erview of the

classi�cation it o�ers and p ossible extension to the SM will also b e discussed.

2.2 The Standard Mo del

The Standard Mo del assumes that all matter particles (or fermions) are made

out of t w o classes of structureless p oin t-lik e particles, the quarks and the leptons.

It could b e p ossible that these p oin t-lik e particles are actually comp osite and

therefore not the basic irreducible building blo c ks w e seek. Ho w ev er exp erimen t

has not found an y underlying structure to date.

2.2.1 Quarks and Leptons

T ab.2.1 sho ws the three generations of leptons and some of their prop erties. Eac h

generation of leptons has its o wn lepton n um b er, whic h is conserv ed to a �rst

appro ximation. Neutrino oscillations, recen tly observ ed [2, 3, 4], sho w this con-

serv ation is violated and also that neutrinos ha v e masses.

Leptons ha v e c harge e while quarks are spin-1/2 fermions with either +

2

3

e or

-

1

3

e electric c harge. There are six 
a v ours (or t yp es) that exist in nature. The six


a v ours are named: do wn, up, strange, c harm, b ottom and top. These also fall

4



QUARKS

Flavour Char ge ( � e ) Appr oximate Mass(GeV)

�rst d (do wn) �

1

3

0.004 to 0.008

generation u (up) +

2

3

0.0015 to 0.004

second s (strange) �

1

3

0.08 to 0.130

generation c (c harm) +

2

3

1.1 to 1.4

third b (b ottom) �

1

3

4.1 to 4.4

generation t (top) +

2

3

173.8 � 5.1

T able 2.2: The three generations of Quarks [8 ], their c harge and appro ximate mass.

in to three generations. Some of their prop erties are listed in T ab.2.2 [8]. This

table illustrates the wide range of particle masses.

Quarks com bine to form comp osite particles; they are unable to exist on their

o wn with no other quarks, an e�ect called quark con�nemen t [5, 6 ]. The particles

they form fall in to t w o classes:

� \mesons" whic h consist of a quark and an an tiquark (q � q 0 )

� and \bary ons" whic h consist of three quarks (qq 0 q 00 ).

Here q denotes a quark of an y 
a v our and q 0 and q 00 quarks with p ossibly an y

other 
a v our.

2.2.2 In teractions and Gauge Bosons

In quan tum theory the gauge b osons are particles exc hanged b et w een fermions

and giv e rise to the four forces. These are sho wn in T ab.2.3. The gra vitational

in teraction is negligible in particle ph ysics phenomena, hence atten tion is con�ned

to the other three only i.e. the electromagnetic, w eak and strong in teractions.

5



INTERA CTIONS AND GA UGE BOSONS

F or c es Me diators Ele ctric Char ge ( � e ) Mass(GeV/c

2

)

electromagnetic photon 0 0

W eak W

�

, Z

0

� 1, 0 � 80.425 � 0.038, � 91.197 � 0.002

strong gluon 0 0

gra vit y gra viton 0 0

T able 2.3: The in teractions and gauge b oson prop erties [8].

2.2.2.1 W eak and Electromagnetic In teraction

The electromagnetic in teraction is classically w ell understo o d via Maxw ell's equa-

tions. It is no w describ ed quan tum mec hanically b y the theory called quan tum

electro dynamics (QED).

The w eak in teraction is mediated b y three massiv e gauge b osons, the W

+

,

W

�

and the Z

0

. The W

�

couples only to left-handed particles or righ t-handed

an ti-particles.

The w eak in teraction has b een uni�ed with the electromagnetic in teraction

in to one electro w eak theory , S U (2)

L

� U (1)

Y

,

1

in tro duced b y Glasho w, W ein-

b erg and Salam [1]. According to this theory the w eak and the electromagnetic

in teractions ha v e similar coupling strengths, i.e.

�

W

= � = sin

2

�

W

(2.1)

where sin

2

�

W

represen ts the mixing b et w een the t w o gauge groups with �

W

the

W ein b erg angle and � �

1

128

the electro w eak structure constan t at the Z p ole.

2.2.2.2 Strong in teraction

The strong in teraction is resp onsible for the binding of quarks in to hadrons. It

is mediated b y gluons. Whilst the quarks all p ossess a colour c harge, so do the

gluons, in con trast to the electromagnetic in teraction where the photon carries

1

L stands for left and Y is h yp erc harge

6



no electric c harge.

The strong in teraction do es not act o v er large distances despite its massless

gauge b osons as all particles carrying colour are con�ned. The theory to describ e

the strong in teraction is called quan tum c hromo dynamics (QCD) and is based on

the gauge symmetry S U (3)

col our

.

2.2.3 Higgs b oson

By applying the exact symmetry S U (2)

L

� U (1)

Y

and unifying the w eak and

electromagnetic forces, no mass term app ears. Elemen tary particles ha v e mass

and to accoun t for it, a massiv e particle whic h couples to ev ery other particle

is in tro duced. This massiv e particle is called the Higgs b oson and its coupling

strength g

H f f

to fermions is related to the fermion mass m

f

as

g

H f f

=

m

f

�

(2.2)

where � is the electro w eak scale (= ( G

F

=

p

2)

� 1 = 2

=246 GeV). The theoretical

Higgs b oson mass is M

2

H

= 2 ��

2

where � is the self coupling strength of the

Higgs. � is not kno wn and th us the exact v alue of the mass of the Higgs is not

determined.

Nonetheless, a quite restrictiv e b ound on the v alue of the Standard Mo del

Higgs mass follo ws from h yp othetical assumptions on the energy scale � up to

whic h the SM can b e extended b efore new ph ysical phenomena ma y emerge. The

upp er b ound on the Higgs is th us:

M

2

H

�

4 �

2

�

2

3 ln (�

2

=�

2

)

(2.3)

In addition it is assumed that � has a p ositiv e v alue whic h induces a minim um

b ound on the Higgs mass. This v alue dep ends strongly on the cut-o� � and the

top mass [12] as

M

2

H

>

3 G

F

p

2

8 �

2

(2 M

4

W

+ M

4

Z

� 4 m

4

t

) ln

�

�

2

�

2

�

(2.4)

The upp er and lo w er b ounds limit are sho wn in Fig. 2.1 [8]. Within the Standard

7



0


Figure 2.1: Bounds on the Higgs b oson mass based on argumen ts of self-consistency

of the SM.

Mo del the mass of the Higgs is less than � 1 T eV [11 ]. Higgs b osons ha v e escap ed

detection so far although, from com bined LEP data, a lo w er b ound of 114.4 GeV

w as established, at the 95% con�dence lev el, on the mass of the standard mo del

Higgs b oson.[13]. The probing in future colliders of the prop erties of this elusiv e

particle will b e essen tial in order to decide what t yp e of theory lies b ey ond the

SM.

2.2.4 W eakness of the Standard Mo del

One of the main w eaknesses of the SM is the fact that it con tains a large n um b er

of parameters not determined b y theory . A t least 19 arbitrary parameters are

con tained in the SM. In addition sev eral problems lie within this mo del:

� Naturalness problem: Radiativ e corrections to the Higgs b oson mass o ccur

in the diagrams with a fermion lo op, as sho wn in Fig. 2.2. The most im-

p ortan t con tribution comes from hea vy quarks, and particularly from the

top quark. These fermion corrections are prop ortional to �

2

=m

2

f

where � is

asso ciated with the Planc k scale m

pl

= 10

19

GeV where gra vitational e�ects

are relev an t. The radiativ e corrections to the Higgs mass div erge quadrat-

ically with resp ect to �. In order to k eep the Higgs b oson mass ligh t a

coun ter term of the same order of � has to b e in tro duced. The mass of the

8



Higgs w ould come from the di�erence of these t w o large terms, whic h m ust

b e as small as the order of the Higgs mass. This required \�ne tuning" is

said to b e unnatural.

h

f

f
±

h

Figure 2.2: F ermion lo op con tributions to the Higgs b oson mass.

� In addition, the SM do es not pro vide uni�cation of the three forces discussed

earlier and the coupling constan ts do not con v erge to w ard the same p oin t

at high energies.

� A third problem p oses the question of the uni�cation of the SM with gra v-

itation. Do es there exist a quan tum gra vit y theory and, if y es, can it b e

uni�ed with the three other fundamen tal in teractions? W ould this theory

need a space-time with more than 4 dimensions?

In the follo wing section theories whic h migh t answ er these questions are brie
y

describ ed.

2.3 Bey ond the Standard Mo del

2.3.1 Sup ersymmetry

Theories ha v e b een constructed in whic h there exist particles with exactly the

same prop erties as the SM particles, except for di�eren t spins and these theo-

ries can solv e the naturalness problem men tioned in the last section. An elegan t

extension to the SM whic h deals with this h yp othesis is a theory called Sup ersym-

metry [10]. Sup ersymmetry (SUSY) p ostulates that there is a symmetry b et w een

9



SM and SUSY P AR TICLES

Standar d Mo del p articles Sup ersymmetric p articles

Quarks (spin

1

2

) Squarks (spin 0)

0

@

u

d

1

A

L

u

R

d

R

0

@

~u

~

d

1

A

L

~u

R

~

d

R

0

@

c

s

1

A

L

c

R

s

R

0

@

~c

~s

1

A

L

~c

R

~s

R

0

@

t

b

1

A

L

t

R

b

R

0

@

~

t

~

b

1

A

L

~

t

R

~

b

R

!

~

t

1 ; 2

;

~

b

1 ; 2

Leptons (spin

1

2

) Sleptons (spin 0)

0

@

e

�

e

1

A

L

e

R

0

@

~e

~�

e

1

A

L

~e

R

0

@

�

�

�

1

A

L

�

R

0

@

~�

~�

�

1

A

L

~�

R

0

@

�

�

�

1

A

L

�

R

0

@

~�

~�

�

1

A

L

~�

R

! ~�

1 ; 2

Gauge b osons (spin 1) Gauginos (spin

1

2

)

g ~g


 ~
 ~
 ,

~

Z ,

~

H

0

1 ; 2

Z

~

Z , ! ~�

0

1 ; 2 ; 3 ; 4

W

�

~

W

�

(Neutralinos)

Higgs b osons (spin 0) MSSM Higgs

H h, A

H

�

Higgsinos (spin

1

2

)

~

H

0

1 ; 2

~

W

+

;

~

H

+

! ~�

+

1 ; 2

~

H

�

~

W

�

;

~

H

�

! ~�

�

1 ; 2

(Charginos)

T able 2.4: The fundamen tal particles of the Standard Mo del are listed on the left and

their predicted sup ersymmetric partners on the righ t. The arro ws indicate �elds that

mix and the corresp onding ph ysical �elds that result. The Minimal Sup ersymmetric

Standard Mo del (MSSM) requires 4 Higgs in addition to the standard mo del one.
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b osons and fermions. This implies that ev ery particle has a partner with exactly

the same couplings but di�ers in spin b y one half an in teger as sho wn in T ab.2.4.

Within this theory , the diagram in Figure 2.2, where

~

f is the sup ersymmetric

partner of f , is included with the diagram in Figure 2.3. These diagrams ha v e

the same v ertices and coupling constan ts, and hence at high energy , the same

magnitude for the amplitude. But since the particle spins are di�eren t, the am-

plitude has opp osite sign. So when calculating a cross-section, the amplitudes

cancel yielding a �nite in teraction probabilit y .

h

f

f
±

h

Figure 2.3: Higgs b oson disso ciating in to a virtual sfermion-an tisfermion pair; at high

energy this diagram cancels the equiv alen t one in Figure 2.2.

Some mo dels of SUSY retain a small Higgs mass in a natural w a y and it

pro vides a base to w ards uni�cation of the electro w eak and strong in teraction. In

addition SUSY theories giv e a consisten t prediction of the size of the electro w eak

mixing parameter sin

2

�

w

. F urthermore SUSY, in the framew ork of R-parit y

2

conserv ation, can pro vide a stable neutral sup ersymmetric particles, whic h can

ful�l the dark matter requiremen ts needed in astroph ysics and cosmology .

2.3.2 Alternativ e Ph ysics

A certain n um b er of alternativ e mo dels enclose the idea of a Higgs �eld and

generate Electro w eak Symmetry Breaking. Tw o imp ortan t alternativ e scenarios

to the SM are extra-dimensional theories and new t yp es of strong in teractions.

These are discussed in more detail, together with other scenarios in [15 ] within

the framew ork of e

+

e

�

colliders:

2

R parit y relates SM particles with p ositiv e R-parit y to their sup erpartners with negativ e

R-parit y .
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� Extra-dimensions at a semi-macroscopic scale. This approac h addresses the

gauge hierarc h y problem and giv es concrete and distinctiv e phenomenology .

F or example, in suc h scenarios resonances w ould app ear for the cross-section

e

+

e

�

! �

+

�

�

as sho wn in Fig. 2.4

� One can imagine that no Higgs b oson exists. In that case, the electro w eak

symmetry should b e brok en b y some other in teractions, and gauge b oson

scattering should b ecome strong at a scale of order 1 T eV. Suc h theories are

often referred to as strongly coupled theories. P oten tial signatures within

this mo del are exp ected to come mostly from anomalous W

+

W

�

coupling

[19].

Figure 2.4: Cross-section for e

+

e

�

! �

+

�

�

as a function of

p

s sho wing sev eral

resonances for large extra-dimension scenarios [15 ].

2.4 P oten tial Ph ysics Studies at the In ternational

Linear Collider

The In ternational Linear Collider (ILC), describ ed in Chap. 3, is foreseen to reac h

a cen tre of mass energy (cms) of up to 500 GeV with an upgrade to the T eV scale.

Within its energy range, sev eral pro cesses will switc h on as sho wn in Fig.2.5.

The ILC is referred to as a high precision mac hine as it is designed to pro vide

12



no w LHC LC

� M

W

[MeV] 33 15 10

� m

t

[GeV] 5.1 1.0 0.2-0.1

� m

h

[MeV] - 100 50

T able 2.5: Curren t and an ticipated future exp erimen tal uncertain ties for the W b oson

mass, M

W

, the top quark mass, m

t

. The indirect determination Higgs b oson mass, m

h

is also giv en [16 ].

high accuracy measuremen ts mainly due a clean exp erimen tal en vironmen t. As

an example, T ab.2.5 illustrates the curren t and an ticipated future exp erimen tal

uncertain ties for the mass measuremen ts of the W , the top and the indirect

precision on the Higgs b oson mass. If a Higgs b oson exists within the T eV

Figure 2.5: Cross-sections for some in teresting pro cesses at the ILC [22 ].

range, the ILC will b e able to measure the full set of its prop erties with high

precision. The observ ables on the Higgs, i.e. its mass, spin, and lifetime, its

pro duction cross-section, and branc hing ratios will decide if it has the pro�le of

13



the one predicted b y the SM. F urther studies to re�ne the existing precision can

then constrain the mo del or rev eal its origin from a sup ersymmetric w orld or

other scenarios.

2.4.1 Threshold Scans

A linear collider, op erating near the t

�

t pro duction threshold and at higher en-

ergies, can carry out a comprehensiv e programme of top quark ph ysics. The

cross-section for e

+

e

�

! t

�

t presen ts a sharp increase around the cen tre of mass

energy of 350 GeV. The shap e of its threshold pro duction cross-section dep ends

on its mass, its width, the strong coupling �

s

and the top quark Y uk a w a cou-

pling. The dep endance of the cross-section on the cen tre of mass energy is sho wn

in Fig.2.6. The e�ect of a shift of 10% of the top quark width is also sho wn to

illustrate the v ariation of the cross-section as w as done in [17 ]. This sho ws that

a measuremen t of the width is most sensitiv e in the p eak of the thresshold scan.

A careful study of this t

�

t threshold structure allo ws for accurate measuremen ts

of eac h parameter of the top quark. In addition this study con tributes radically

to the accuracy of Higgs predictions. Precise determination of the parameters

that form the shap e of the luminosit y sp ectrum is crucial b ecause the measured

threshold scan dep ends strongly on it. The measuremen t of this luminosit y sp ec-

trum forms a ma jor part of this thesis. Fig.2.7 sho ws the mo di�cation of the

threshold scan as sev eral additional blurring e�ects are switc hed on.

If SUSY is realised in nature, sev eral sc hemes w ould giv e rise to a ric h sp ec-

trum of particles (Fig. 2.8). Because the ILC can scan its w ell-de�ned cen tre

of mass energy across thresholds for new ph ysics pro duction it will b e able to

iden tify them one b y one and to measure sup ersymmetric particle masses with

v ery high precision. If alternativ e ph ysics is the w a y that nature expresses itself,

sev eral pro cesses whic h are presen t within the SM suc h as e

+

e

�

! �

+

�

�

will dis-

pla y v ariation compared to the SM prediction at high energy . In addition careful

extrap olation b ey ond the ILC's energy reac h will b ene�t the ph ysics at v ery large

energy scale.
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Figure 2.6: Cross-section near the threshold for a top width �

t

= 1 : 43 GeV. The

dotted lines corresp onds to a shift of 10% of the top width [17 ].

Figure 2.7: Cross-section at the top threshold including sev eral e�ects suc h as b eam

energy spread, b eamstrahlung and initial state radiation [18 ].

2.5 On the complemen tarit y with LHC

The in terpla y b et w een the Large Hadron Collider (LHC), b eing built at CERN

and the ILC is detailed in the rep ort in Ref. [19]. Most of the studies assume that

the ILC comes in to op eration while the LHC is still running. During sim ultaneous

running, analyses carried out at one mac hine could b e adapted according to the

results obtained at the other mac hine. The ILC results could also serv e as an
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Figure 2.8: Example of mass sp ectrum for v arious SUSY mo del: minimal sup ergra v-

it y (mSUGRA), Gauge mediated symmetry breaking (GMSB) and anomaly mediated

symmetry breaking (AMSB) [22 ].
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T able 2.6: The neutralino RMS v alues of the mass distribution for LHC alone and

com bined with measures from the LC [19 ].

input for a second phase of LHC running, in
uencing p ossible upgrade options.

It is foreseen that the ILC precision allo ws t ypical impro v emen ts b y a factor 2 to

10 for standard mo del pro cesses and a factor 2 to 3 for minimal sup ersymmetric

standard mo del pro cesses. As an example, within SUSY, the accuracy of the

determination of the mass of the ligh test sup ersymmetric particle neutralino and

of the next-to-ligh test one at the LHC w ould lead to a drastic impro v emen t of

accuracy with ILC input as sho wn in T ab.2.6.
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Chapter 3

The Linear Collider and the

TESLA Detector

Considerable ph ysics p oten tial will b e op ened up at the ILC. New pro cesses will

emerge as the cen tre of mass energy increases while, concurren tly , their cross-

section generally decreases. High luminosit y is therefore required to pro vide high

enough statistics. In the follo wing c hapter w e will discuss the mac hine to pro vide

the high energy and high luminosit y as w ell as the detector, whic h is used to

unra v el ph ysics pro cesses. P articular atten tion is giv en to the forw ard calorimetry

whic h is used in Chap. 6 in sim ulations of the luminosit y sp ectrum measuremen ts.

3.1 The Linear Collider

In addition to ac hieving high luminosit y , the c hoice of a linear collider is mainly

driv en b y the amoun t of energy that can b e brough t together at the in teraction

p oin t k eeping as lo w as p ossible an y losses within the collider. In a usual circular

electron ring, the electrons lose some of their energy via sync hrotron radiation.

In suc h a mac hine, the energy loss for a particle de
ected b y a magnetic �eld

is prop ortional to the fourth p o w er of the b eam energy and the in v erse of the

a v erage ring radius. LEP (Large Electron P ositron collider) w as exp eriencing 1.5

GeV of loss p er turn for a cen tre of mass energy of 180 GeV. As a comparison LEP
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running at 500 GeV w ould lose appro ximately 90 GeV p er turn and ac hieving

a mac hine reac hing 500 GeV with relativ ely lo w loss w ould require a ring with

a circumference of 200 km. Therefore circular rings in this resp ect can not b e

used to attain v ery high energy . The solution lies in accelerating the particles

in a straigh t line i.e. adopting a linear collider. Un til recen tly , sev eral pro jects

w ere under study to pro vide suc h collider. Although their ph ysics programme

w as similar and they all had the goals to ac hiev e higher energy and luminosit y

than previous mac hines, the prop osed tec hnologies w ere di�eren t. The mac hine

designs w ere denoted as:

� NLC - the Next Linear Collider, pro ject driv en mainly b y SLA C, US;

� TESLA - The T era electron v olt Energy Sup erconducting Linear Acceler-

ator conducted b y DESY, German y;

� GLC - the Global Linear Collider brough t forw ard b y KEK, Japan.

In 2004, the In ternational T ec hnology Recommendation P anel (ITRP), c harged

to mak e a c hoice of the tec hnology for a prop osed future in ternational particle ac-

celerator, recommended sup erconducting tec hnology . Being at the time of writing

the only \cold" tec hnology particle accelerator, TESLA is discussed in more de-

tail in the follo wing sections. The parameters of the In ternational Linear Collider

(ILC) are b eing revisited and migh t undergo mo di�cations suc h as the crossing

angle and bunc h spacing. In addition to the ILC, the Europ ean Cen tre of Nuclear

Researc h (CERN) conducts a pro ject called the Compact Linear Collider (CLIC)

aiming a m ulti-T eV mac hine with high accelerating gradien t (150 MV/m), based

on normal conducting tec hnology .

3.1.1 TESLA Accelerator

3.1.1.1 General La y out

The o v erall length of the TESLA linear collider is foreseen to b e 33 km. It is

made up of t w o linear accelerators, electron and p ositron, p oin ting at eac h other.
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Eac h linear accelerator is constructed with ten thousand 1-m long sup erconduct-

ing niobium ca vities (Fig. 3.1), eac h consisting of 9 cells and co oled b y sup er
uid

Helium to T = 2

o

K . The tec hnology of the mac hine is th us referred to as cold

tec hnology . The p o w er dissipation in the ca vit y w alls is small, allo wing a high

Figure 3.1: The 9-cell niobium ca vit y for TESLA.

b eam p o w er with lo w electrical p o w er consumption. Th us, the c hoice of sup er-

conducting RF o�ers the p ossibilit y to use a long RF-pulse (1 ms). It also allo ws

a relativ ely large bunc h spacing (337ns at E

cms

=500 GeV) with lo w er w ak e�eld

e�ects than with a mac hine with shorter bunc h spacing.

3.1.1.2 P arameters

The mac hine parameters of TESLA are presen ted in T ab. 3.1. The pulse length

is often referred to train length as it is consists of a series of consecutiv e shortly

in terspaced bunc hes and a long w aiting time (appro ximately 199 ms for TESLA)

b efore the next train. Within one second nearly 14100 bunc h crossings o ccur at

TESLA-500. The rep etition rate ( f

r ep

= 5 Hz) driv es the time in terv al b et w een

the start of eac h train. The lo w RF-frequency ( f

RF

=1.3 GHz) is suitable for a

high p eak p o w er system that con v erts A C-p o w er to RF-p o w er used to accelerate

the bunc hes. One of the most noticeable features of the b eam is its 
atness as

at the in teraction p oin t the b eam size is designed to b e 553( x ) � 5( y ) nm for the

500 GeV cen tre of mass energy mac hine. A 
at b eam limits the b eamstrahlung

as describ ed in Sec. 6.2.2.
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TESLA-500 TESLA-800

Accelerating gradien t E

acc

[MV/m] 23.4 35

RF-frequency f

RF

[GHz] 1.3

Linac Rep etition rate f

r ep

[Hz] 5 4

T otal site length L

tot

[km] 33 33

Activ e length [km] 21.8

No. of accelerator structures 21024

Beam pulse length T

P

[ �s ] 950 860

No. of bunc hes p er pulse n

b

2820 4886

Bunc h spacing � t

b

[ns] 337 176

Charge p er bunc h N

e

[10

10

] 2 1.4

Emittance at IP 
 �

x;y

[10

� 6

m ] 10, 0.03 8, 0.015

Beta at IP �

�

x;y

[mm] 15, 0.4 15, 0.4

Beam size at IP �

�

x;y

[nm] 553, 5 391, 2.8

Bunc h length at IP �

z

[nm] 300 300

Beamstrahlung �

E

[%] 3.2 4.3

Luminosit y L

e

+

e

�

[10

34

cm

� 2

s

� 1

] 3.4 5.8

P o w er p er b eam P

b

= 2 [MW] 11.3 17.5

T able 3.1: LC parameters for the baseline design of TESLA [17 ].
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Figure 3.2: Sk etc h of the o v erall TESLA la y out with the optional second in teraction

p oin t [17 ]. The X-ra y laser facilit y is no w b eing built separately .

3.1.1.3 The Linear Collider

A linear collider is built up with v arious sections, whic h all pro vide a sp eci�c and

di�eren t task. A brief o v erview is giv en in the follo wing section. The lo w energy

b eam from the injector is accelerated b efore b eing injected in to a damping ring

to reduce its emittance. The bunc hes are then sen t to a bunc h compressor and

�nally in to the main linac (linear accelerator) b efore reac hing the b eam deliv ery

system and the in teraction region.
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Injector The injection systems pro vide the electrons and p ositrons for eac h

b eam with the required time structure and c harge p er bunc h. Its design is, for

TESLA, based on the existing TTF (TESLA T est F acilit y) accelerator. The

electron b eam is generated in a laser-driv en gun via the photo electric e�ect: a

laser is directed to a C s

2

T e photo catho de whic h generates photo electrons. These

are then accelerated b y DC v oltage. The p ositrons are created via e

+

e

�

pair

pro duction b y directing high energy photons on a target. F or the curren t designs

t w o approac hes are foreseen: the �rst approac h, said to b e con v en tional, mak es

use of high energy electrons whic h strik e a thic k target. The primary electrons

generate high energy photons via bremsstrahlung, and these are con v erted within

the same target in to the electron p ositron pairs. In the second approac h, photons

are primarily generated in an undulator, where high energy electrons ( � 150 GeV)

are passed through to pro duce high energy photons. The undulator consists

of a series of dip ole magnets. The alternating �eld, set up b y the alternating

dip ole arrangemen t within the undulator, causes the b eam to oscillate in its

tra jectory and photons are then emitted. The second approac h has the adv an tage

of ha ving m uc h less p o w er dep osition in the target and the emittance can b e

constrained. TESLA foresees the use of the second approac h and its design

in tegrates an undulator at the end of the electron acceleration, upstream of the

in teraction region. Both b eams, electron and p ositron, are then accelerated b y

sup erconducting structures up to the energy required for the damping ring. (5

GeV for TESLA).

Damping Ring In order to pro duce a minim um sp ot size at the in teraction

p oin t, it is necessary to minimise the transv erse emittance of the b eam. The

damping rings are used to reduce the transv erse b eam emittance, b y the use of

sync hrotron energy radiation losses. The b eams are injected in to the damping

ring and circulate man y times: When the particles pass around the arcs in the

damping ring, their curv ed tra jectories cause sync hrotron radiation (SR) to b e

emitted, reducing the energy of the particles. The particle is then accelerated.

This narro ws the angle of the electrons within the b eam and reduce the emittance.
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In addition wigglers, similar tec hnology to undulators, are also used in one of the

straigh t sections of the damping ring to further increase the damping rate p er

rev olution.

A \c hicane" is in tro duced after the damping ring and b efore the main linac

to compress the b eam longitudinally . The relativ e path length di�erences for lo w

and high energy parts of the bunc h cause the bunc h to compress longitudinally .

The bunc hes can then b e sen t to the main accelerator.

Main Linac The core of the TESLA pro ject is the accelerator called the main

linac. The electron and p ositron b eams are accelerated from 5 to 250 GeV at a

gradien t of E

acc

=23.4 MV/m for the 500 GeV case. The electron and p ositron

linacs ha v e a total length of 14.4 km eac h. The 10296 9-cell ca vities p er linac

are con tained in cry omo dules whic h also house fo cusing quadrup oles, steering

magnets and b eam p osition monitors (BPM).

Beam Deliv ery System The Beam Deliv ery System (BDS) transp orts the

b eams from the exit of the linacs to the in teraction p oin t, where they are brough t

in to collision. It serv es sev eral functions, suc h as pro ducing the strong demagni�-

cation to obtain the small b eam size at the IP , c hromatic corrections, collimation,

main taining the b eam in collision with the help of a feedbac k system and pro vid-

ing diagnostics for the emittance measuremen ts.

3.2 TESLA Detector

The ph ysics programme discussed in Chap. 1 is translated in to detection require-

men ts. F rom a general p oin t of view, the detector has to pro vide go o d trac king

and energy resolution. In addition, high hermeticit y is needed in order to let as

few particles as p ossible escap e undetected.
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3.2.1 Ov erview

The o v erall detector is foreseen to b e 14.8 m in length and 14.9 m in diame-

ter. It consists of v ertexing detectors, trac king devices and electromagnetic and

hadronic calorimeters. A sup erconducting coil pro vides a large magnetic �eld of

4 T throughout the cen tral detector.

Figure 3.3: Quadran t view of the TESLA detector [22 ].

3.2.2 T rac king System

The trac king system surrounds the IP and measures particle trac ks b efore they

en ter the calorimeter. Its comp onen ts are, from the inner-most to the outer most,

a v ertex detector (VTX), silicon trac king detectors in the barrel (SIT) and in the

forw ard region(FTD), a Time Pro jection Cham b er (TPC) and a forw ard c ham b er

(F CH) b ehind the TPC.

� As close as p ossible to the IP lies the m ulti-la y ered pixel micro-v ertex de-

tector with an inner radius of 1.5 cm and an outer radius of 6 cm. It
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is primarily optimised to reconstruct secondary v ertices in b and c-quark

deca ys;

� The main role of the silicon trac king detectors is to impro v e the momen tum

resolution b y the addition of a few v ery precisely spaced p oin ts at compar-

ativ ely large distances from the IP . The SIT consists of t w o cylinders of

double sided silicon strip detectors. The required resolution in r � is 10 �m .

The z measuremen t of the SIT is mainly needed to impro v e the trac k �nding

e�ciency . F or this purp ose a resolution of 50 �m is considered su�cien t;

� the FTD consists of pixel detectors in the �rst three la y ers and strip detec-

tors in the last four. The resolution requiremen t is 25 �m ;

� The large Time Pro jection Cham b er (TPC) will pla y a cen tral role in b oth

�nding and measuring the c harged particles. T o ensure go o d solid angle

co v erage, go o d trac k resolution, and sim ultaneously go o d determination

of the sp eci�c energy loss (dE/dx) of particles, man y p oin ts need to b e

measured along eac h trac k; 200 suc h p oin ts are foreseen for the TPC.

This dictates that the c ham b er should b e rather large, b oth radially and

longitudinally , limiting as w ell the p ossible total amoun t of energy loss of

the incoming particles. The TPC with an outer radius of 170 cm and an

o v erall length of 556 cm consists of t w o gas-�lled c ham b ers separated b y a

catho dic mem brane. The radiation length from the inner side of the TPC

to the outer side is 0.03 X

o

. The actual preferred readout tec hnologies are

the Gas Electron Multipliers (GEM) t yp e consisting of a thin p olymer foil

p erforated b y a high densit y of small holes or Micromegas t yp e build up

with thin metallic meshes;

� The forw ard Cham b ers (F CH) extend radially from the inner radius of the

TPC to just b elo w the outer radius of the TPC �eld cage and eac h is

appro ximately 6 cm thic k.

The trac king follo ws the path that the c harged particles mak e in a magnetic �eld

and th us allo ws their momen tum to b e measured. F or the o v erall trac king, the
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goal of the momen tum resolution is � (

1

p

t

) � 5 � 10

� 5

( GeV =c )

� 1

.

3.2.3 Calorimetry

3.2.3.1 Ov erview

A calorimeter is a blo c k of matter that is of su�cien t thic kness to cause the

primary particle to in teract and dep osit all of its energy in a subsequen t \sho w er"

of increasingly lo w er energy particles. Calorimeters can measure the energy of

photons, electrons, p ositrons and hadrons, but not neutrinos, whic h in teract via

the w eak force only , or m uons, whic h are to o hea vy to lose su�cien tly rapidly

energy b y radiation.

After in teraction with an incoming particle, the in ternal structure of the

calorimeter is in an excited state. The return to the fundamen tal state o ccurs

through the emission of an electrical, optical or thermal signal whic h is prop or-

tional to the incoming particle energy . Getting the signal with the appropriate

calibration leads to the determination of its energy .

3.2.3.2 Electromagnetic and Hadronic Calorimeters

The main comp onen ts of the calorimetry in the TESLA detector are the elec-

tromagnetic calorimeter (ECAL) and the hadronic calorimeter (HCAL). Both

calorimeters are an ticipated to b e dense and hermetic sampling detectors with

high gran ularit y in order to separate the con tribution of di�eren t particles and

measure their four momen ta.

3.2.3.3 F orw ard Calorimetry

The forw ard calorimeters extend the hermeticit y of the o v erall detector, as re-

quired b y man y p ossible new ph ysics signatures. In addition the instrumen tation

of the forw ard region pla ys a crucial role in the measuremen t of the luminosit y

and its sp ectrum.
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Figure 3.4: Design of the forw ard calorimetry with fo cal length l

�

=4.05 m.

The maxim um distance of the forw ard calorimeters to the in teraction region

is mainly determined b y the fo cal length l

�

of the �nal fo cus system. The presen t

la y out of the calorimeters corresp onds to l

�

=4.05 m as sho wn in Fig. 3.4. The

calorimetric co v erage of the solid angle is completed b y t w o devices in the v ery

forw ard region on b oth sides of the in teraction p oin t, the lo w angle calorimeter

(BeamCal) and the luminosit y calorimeter (LumiCal). The LumiCal will b e used

primarily to pro vide go o d calorimetric co v erage in the region b et w een 82 and

26 mrad. The BeamCal co v ers the regime do wn to v ery small angles appro xi-

mately 4 mrad.

The BeamCal: This extends the hermeticit y of the o v erall detector do wn to

the b eampip e. Its purp ose is to mak e measuremen ts of the spatial and sp ectral

distribution of the b eamstrahlung. In addition it can measure or pro vide a v eto

for high energy electrons from t w o-photon pro cesses to angles as close as p ossible

to the b eam pip e. These ha v e particular imp ortance for ph ysics pro cesses with

missing energy and momen tum [7]. The calorimeter is also a shield for the cen tral

part of the detector against bac kscattered particles, induced b y b eamstrahlung

remnan ts do wnstream in the b eamline, and sync hrotron radiation. One option for

the BeamCal is a tungsten sampling calorimeter. The prop osed detector consists

of apro ximately 63 planes of tungsten and silicon or diamond for the in terspaced
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activ e sensors. The p erformance study of the BeamCal has b een detailed in [2, 8 ].

The Luminosit y calorimeter: The LumiCal is planned to b e lo cated at a

distance of 300 cm appro ximately on b oth sides of the in teraction p oin t, co v ering

an ann ular surface b et w een radii of 8 : 0 cm and 25 : 0 cm from the b eam line and

p olar angle

1

� b et w een 26 and 82 mrad. The calorimeter is exp ected to b e a

silicon tungsten sandwic h detector with a similar structure to the calorimeter

sho wn in Fig.3.5 [8]. It is sub divided radially in cylinders, azim uthally in sectors

Figure 3.5: The structure of the half barrel of the luminosit y calorimeter. The sensors

are in tersp ersed b et w een the tungsten disks.

and longitudinally in rings. Eac h ring consists of tungsten and a sensor plane.

The thic kness of a tungsten disk is one radiation length i.e. 3.5 mm.

An energy resolution of 25% �

p

E [ GeV ] has b een assumed [8] although the

luminosit y calorimeter geometry is, at the time of writing, under mo di�cation

and the resulting resolution is under study .

3.2.4 Muon System

The basic task of the m uon system is to pro vide m uon iden ti�cation and serv e as

a 
ag or a tail catc her for hadronic sho w ers. The m uon detector is lo cated b ehind

1

the p olar angle � and the azim uthal angle � are de�ned w.r.t. z and x, resp ectiv ely .
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the calorimeters and the coil. The iron of the 
ux return for the 4T magnetic

�eld of TESLA is used as an absorb er with a thic kness of 1.6m. The o v erall

longitudinal size of the m uon iden ti�er is foreseen to b e 14.4m and to extend

radially from 3.80 to 5.80 m for the barrel.
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Chapter 4

The Laser Wire Pro ject

4.1 F rom Emittance to Luminosit y

The ev olution of a b eam of particles through a b eam transp ort system can b e

c haracterised b y the ev olution of its transv erse phase space. A graphical rep-

resen tation of the phase space giv es the angle of motion and p osition of ev ery

particle in the b eam. It is customary to de�ne an ellipse in phase space con-

taining a certain p ercen tage, traditionally 95%, of the b eam particles, called the

phase ellipse as sho wn in Fig. 4.1. The area enclosed b y the ellipse is called the

b eam emittance � de�ned, for example in the x -plane, b y

Z

el l ipse

dxdx

0

= � � (4.1)

where x

0

=

dx

dz

is the angle of the individual particles with resp ect to the nominal

b eam direction. The emittance is a measure of the b eam qualit y . Tw o di�eren t

emittances are de�ned in the transv erse plane: the horizon tal emittance �

x

, and

the v ertical emittance �

y

. A prop ert y of the phase space is that its area is in v arian t

if only fo cusing and b ending forces are applied to the b eam. This conserv ation

la w is called the Liouville theorem. Th us the emittance is an in v arian t in a

b eam deliv ery system of a linear collider where the particle energy is constan t.

T o accoun t for c hanges in the particle momen tum and deal with a conserv ed

emittance, a \normalised emittance" �

n

is de�ned whic h is prop ortional to the
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relativit y parameters � 


1

as

�

n

= ( � 
 ) � (4.2)

The tra jectory of a particle through an arbitrary b eam transp ort system can b e
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Figure 4.1: Phase space diagram in one dimension.

determined b y its b etatron function. It is a c haracteristic of the fo cusing forces

applied to the b eam and is highly dep enden t on the particular arrangemen t of

quadrup ole magnets. It is also called amplitude function as it de�nes the asp ect

ratio of the ellipse semi-axes in the x direction o v er the one in x

0

direction.

Both the b etatron function and the b eam emittance determine the luminosit y

of the colliding b eams at the in teraction p oin t [1],

L = f

c

N

2

b

H

D

4 �

p

�

�

x

�

�

x

p

�

�

y

�

�

y

(4.3)

where L is the luminosit y for the head-on symmetric gaussian b eam collision, N

b

is the n um b er of particle in eac h bunc h (considered equal), f

c

is the rep etition

rate times the n um b er of bunc hes p er bunc h train, H

D

is the enhancemen t factor

due to pinc h and hourglass e�ects, �

�

i

is the b etatron function for the transv erse i -

dimension ( i = x; y ) at the in teraction p oin t, �

�

i

is the emittance and the relation

�

�

i

=

p

�

�

i

�

�

i

w as used. F or maxim um luminosit y , as indicated in Eq. 4.3, a

v alue of �

i

as small as p ossible is desirable. The b eam deliv ery system pla ys an

imp ortan t role for the luminosit y p erformance as it prepares the b eam for the

in teraction as discussed in Sec. 3.1.1.3. It is imp ortan t that the emittance do es

1

� =

v

c

, with c the v elo cit y of ligh t, and 
 =

1

p

1 � �

2
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not increase signi�can tly in the BDS and therefore a careful monitoring of its

v alue is essen tial.

4.2 Measuring the Emittance

Since the b eam emittance is a measure of b oth the b eam size and the b eam

div ergence, its v alue can not b e measured directly . In drift space, without an y

optics, the emittance naturally rotates as sho wn in Fig. 4.2. Th us if the b eam

size is measured at di�eren t lo cations, di�eren t parts of the ellipse can b e prob ed

b y a b eam size monitor and the b eam emittance can b e determined. T ypical

s
B

s
C

s
A

s
B

s
C

s
A

B A C

3)

2)

1)

Beam Size Measurement StationsFocusing
Magnet

Figure 4.2: The emittance measuremen ts: the b eam en v elop e propa-

gates in drift space (1). Snapshots of the phase space at sev eral measure-

men t stations is p erformed (2). The pro jection is then used to determine

the ellipse of the emittance.

BDS b eam sizes for TESLA, CLIC and NLC/GLC are listed in T ab. 4.1. The

electron bunc h transv erse pro�le has b een measured in the past b y in tersecting

the electron b eam with a solid wire and b y coun ting the subsequen t bac kground

rate as a function of the relativ e p osition of wire and bunc h. Using this tec h-

nique, resolutions of t ypically a few � m can b e obtained, at the exp ense of some

signi�can t disruption to the b eam. This tec hnique cannot b e used univ ersally at

37



CLIC NLC/GLC TESLA

BDS �

x

[ � m] 3.4 to 15 7 to 15 20 to 150

�

y

[ � m] 0.35 to 2.6 1 to 5 1 to 25

T able 4.1: Beam sp ot sizes for v arious Linear Collider designs. Quoted n um b ers for

CLIC [5], NLC/GLC [6 ] and TESLA [7 ].

the ILC, ho w ev er, b ecause the b eam sp ot sizes can b e m uc h smaller, the need for

con tin uous measuremen t precludes an in v asiv e tec hnique and the in tensities are

so great that the wires w ould b e quic kly damaged, ev en if sw ept rapidly through

the b eam. F or these reasons, it is necessary to dev elop a no v el tec hnique that

can run con tin uously and reliably during mac hine op eration, that do es not get

destro y ed b y the b eam and that can b e su�cien tly fast so as to b e sensitiv e to

individual electron bunc hes within bunc h train. A laser based pro�le monitor is

non-in v asiv e and disturbs v ery little the observ ed b eam [3]. It has as w ell the

adv an tage of ha ving a minim um measuremen t size substan tially smaller than the

�bres used for the solid wire tec hnique. The laser-wire, describ ed in detail in the

follo wing sections, pro vides suc h a to ol to monitor the b eam size. A t least �v e

stations will b e required for eac h lepton b eam, p ossibly �red b y a single laser

system. Eac h station will need to pro vide a pro�le along t w o directions.

4.3 Principle of the Laser-Wire

The laser wire measures the transv erse electron b eam size b y scanning a narro w

laser b eam transv ersely o v er an electron b eam as sho wn in the la y out of Fig. 4.3.

A high p o w er laser b eam is divided in to t w o di�eren t optical paths for scanning

the horizon tal and v ertical b eam size. The strongly fo cused laser b eams in teract

with the electron bunc h creating Compton scattered photons. The electron b eam

is then b en t a w a y while the Compton scattered photons tra v el along a straigh t

line, where they are detected with a calorimeter. Scattered electrons are b en t

more strongly than particles with the nominal energy , enabling detection at a
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lo cation after the b ending magnet. The pro of of principle of this tec hnique w as
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GAMMA-RAY
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y z LASERBEAM

BEAM SPLITTER

MIRROR

DEFLECTOR

HIGH POWER LASER

Figure 4.3: La y out of the laser-wire.

�rst demonstrated at the Stanford Linear Collider (SLC) [4] and a di�eren t design

is presen tly b eing tested at the Accelerator T est F acilit y (A TF) at KEK [8, 9, 10 ].

The SLC design used a high p o w er pulsed laser b eam, transp orted o v er 17 m to

the IP within the Stanford Linear Detector (SLD) exp erimen t. The v ery tigh t

space and accessibilit y of this lo cation led to a highly engineered design, with

the laser p osition �xed in space. The op eration of the device then required the

electron b eam to b e scanned across the laser b eam and, in this sense, this laser

wire w as still an in v asiv e device. The A TF design uses a con tin uous w a v e laser and

the en tire optical system is mo v ed relativ e to the electron b eam using stepping

motors. The aim of the Laser Based Beam Diagnostic (LBBD) [11] collab oration

is to elev ate these design to a compact, non-in v asiv e device where a high p o w er

pulsed laser is scanned across the electron b eam using either piezo-driv en mirrors,

acousto-optic devices or electro-optic tec hniques.

4.4 Gaussian Beam Signal

The laser b eam is fo cused to a small gaussian sp ot with sigma �

0

. Considering a

di�raction limited, �nely fo cused b eam w aist, the minimal ac hiev able sp ot radius

is giv en b y �

0

= �= (2 � � ), where � denotes the laser w a v elength and � the half
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op ening angle of the laser b eam at the w aist as sho wn in Fig. 4.4. The distance

o v er whic h the laser b eam div erges b y

p

2 of its minim um size is called the

Ra yleigh range x

r

and de�nes the usable length of the laser at the in teraction

p oin t.

os

sy

BEAM
LASER

ELECTRON BEAM

q

x

y

Number 
of photons

R
elative position

Figure 4.4: Sc heme of a gaussian laser b eam fo cused to its di�raction

limit scanned o v er an electron b eam.

Giv en that the electron bunc h is shorter than the laser pulse

2

, the n um b er of

Compton photons p er electron bunc h/laser pulse crossing is giv en b y [2]

N




= N

b

P

L

�

c

�

c

2

h

1

p

2 � �

s

exp

� y

2

2 �

2

s

Z

+ 1

�1

dz exp

� z

2

2 �

2

z

(4.4)

where P

L

is the instan taneous laser p o w er, N

b

is the n um b er of electrons p er

bunc h, �

2

s

= �

2

y

+ �

2

0

the o v erlap region corresp onding to the quadratic sum of the

laser and electron b eam sizes and y is the transv erse p osition of the laser sp ot

with resp ect to the electron bunc h cen troid. The in tegral is p erformed o v er the

length of the laser pulse in z . The n um b er of photons v ersus the relativ e p osition

of b oth b eams follo ws a gaussian distribution as sho wn in Fig. 4.4 where the p eak

n um b er of Compton photons p er bunc h, N

bunch

C

, o ccurs when the o�set y = 0:

N

bunch

C

= N

b

P

L

�

c

�

c

2

h

1

p

2 � �

s

(4.5)

The p eak n um b er of Compton photons p er bunc h is giv en in Fig. 4.5 as a function

of the laser transv erse b eam size �

0

for sev eral electron b eam sizes �

y

and for a

2

The electron bunc h length at PETRA is 100 ps and the laser bunc h length is 12.5 ns as

discussed in Sec. 5.5.2
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b eam energy of 4.5 GeV and a laser p o w er of 2 MW. N

bunch

C

is appro ximately

1533 photons with �

0

=1 �m and �

y

=20 �m .
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Figure 4.5: P eak n um b er of Compton photons p er bunc h N

bunch

C

as a function of the

laser transv erse b eam size �

0

for sev eral electron b eam sizes �

y

. The b eam energy is

4.5 GeV, the laser p o w er is 2 MW and the n um b er of electron p er bunc h is 7 10

10

, a

t ypical v alue for the accelerator used later on i.e. PETRA.

4.5 Compton Scattering

The ph ysical pro cess of relev ance to the laser-wire is Compton scattering e

�

+ 
 !

e

�

+ 
 , where an unp olarised photon in teracts with a relativistic electron (or

p ositron) to giv e an energy degraded electron and a b o osted photon. The cross-

section for the Compton scattering electron, is giv en b y [13 ]

�

c

= �

o

3

4

[

1 + �

�

2

(

2 � (1 + � )

1 + 2 �

� log(1 + 2 � )) +

1

2 �

log(1 + 2 � ) �

1 + 3 �

(1 + 2 � )

2

] (4.6)

The energy sp ectrum of the resulting gamma-ra ys, sho wn in Fig. 4.6 is giv en
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b y [13]:

d�

c

d!

=

3 �

o

8

(

1

1 � !

+ 1 � ! +

�

!

� (1 � ! )

�

2

�

2 !

� (1 � ! )

)

(4.7)

where ! =

�




E

beam

is the gamma-ra y energy normalised to the electron b eam energy

E

beam

, �

o

= 6 : 65 � 10

� 25

cm

2

is the Thomson scattering cross-section and � = 


�

o

m

e

is the photon energy in units of m

e

in the electron rest frame. �

o

and �




refer to

the incoming and outgoing photon energy resp ectiv ely

3

. The maxim um energy

for the scattered photon is E

max

=

2 E

beam

�

1+2 �

. The Compton scattered photons'

Ebeam= 4.5 GeV

Ebeam= 7 GeV

laser wavelength = 532 nm

Figure 4.6: Di�eren tial cross-section in arbitrary unit of the Compton

photon energy �




for an electron b eam energy of 4.5 and 7 GeV and a

laser w a v elength of 532 nm.

angular distribution is sharply p eak ed in the initial p ositron b eam direction and

the photons are th us con�ned within a cone of angle 


c

=

1+2 �




as seen in Fig. 4.7.

In order to measure the total amoun t of energy coming from the burst of the

scattered photons at eac h in teraction a dedicated calorimeter w as built, whic h

is detailed in the next c hapter. Nonetheless, the �rst task for the exp erimen t

is to de�ne an appropriate lo cation at an accelerator. Prior to this, p ossible

bac kgrounds for the signal describ ed ab o v e are no w in v estigated.

3

F or a laser with w a v elength 532 nm, �

o

=2.33 10

� 9

GeV.
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Figure 4.7: Compton energy distribution of individual photons on a v ertical plane

14.83 m a w a y for E

beam

= 4 : 5 GeV. x and y are in cm. This distribution includes

sho w ering e�ects from an aluminium w all of thic kness 145 mm.

4.6 Bac kground Pro cesses

Bac kgrounds are all pro cesses whic h lead to an additional energy dep osit in the

detector and hence underly the Compton signal. These bac kgrounds m ust b e

reduced to the exten t that the signal / bac kground ratio can b e optimised. This

bac kground study is of particular imp ortance as it can lead to sp eci�c exp er-

imen tal strategies e.g. to build bac kground shields. Preliminary results from

sim ulation and measuremen ts w ere presen ted at the P article Accelerator Confer-

ence (P A C) 2001 [15, 16 ]. In the follo wing section these results are discussed.

Sp eci�cally sync hrotron radiation, b eam gas bremsstrahlung and thermal pho-

ton signals are studied. These three pro cesses are the main bac kgrounds that

pro duce photons in PETRA.
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4.6.1 Sync hrotron Radiation

Sync hrotron Radiation (SR) o ccurs when a high energy c harged particle en ters a

magnetic �eld and its tra jectory is b en t. A subsequen t loss of energy is observ ed

as an emission of photons.

The critical photon energy is often used to de�ne SR as it marks the sp ectral

p oin t for whic h one-half of the total p o w er is irradiated at lo w er photon energies,

and one-half at higher [14]. It is calculated, giv en the b ending magnet at PETRA

of �

dipol e

= 28 : 05 mrad, using [19 ]:

E

cr it

=

3 ~

2

c


3

�

dipol e

L

dipol e

(4.8)

with L

dipol e

the length of the dip ole and 
 =

E

beam

m

e

the Loren tz factor.

SR sp ectrum generation, sp eci�ed b y E

cr it

, is p erformed with a Mon te Carlo

algorithm describ ed in [17]. Fig. 4.8 sho ws the normalised probabilit y densit y

function (p df ) of the photon energy for suc h a pro cess.
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Figure 4.8: Sync hrotron radiation probabilit y densit y function of the

photon energy (1 bin =

1

10

E




=E

cr it

).

The n um b er of SR photons N




S R

whic h are on a v erage emitted p er p ositron

in a bunc h - seen b y a detector of width a at a distance L from the area where
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the detector p oin ts to, as illustrated in Fig. 4.9 - can b e computed using:

N




S R

=

5 �

2

p

3




dl

R

(4.9)

with R =

L

dipole

�

dipole

= 189 m the b ending radius of the magnet, dl = R

a

L

= 0 : 47m

the b eam length o v er whic h photons emitted tangen tially to the b eam will en ter

the detector, and � =

1

137

the �ne structure constan t.

L

e

R
dipole

dl +

a

detector

Figure 4.9: Dra wing sho wing the de�nition of the parameters for the

calculation of the n um b er of SR photons.

4.6.2 Bremsstrahlung

Besides SR the b eam can lose particles via v arious in teractions eg in trab eam

scattering and b eam gas scattering. The main bac kground pro cess whic h can

lead to a pro duction of photons, and hence is added to the Compton signal is

Bremsstrahlung scattering and is studied b elo w. It o ccurs when an electron (or

p ositron) is de
ected b y the n ucleus or the electrons within a residual gas atom.

The resulting gamma-ra ys pro duce a con tin uous sp ectrum from zero to the energy

E

beam

of the incoming p ositron as plotted in Fig. 4.10.

4.6.3 Thermal Photons

A third bac kground comp onen t is pro duced b y in teraction with thermal photons.

Thermal photons originate from the blac kb o dy radiation of the b eampip e gas.

The radiated photons in teract with the p ositron b eam via the Compton pro cess

and then giv e rise to scattered photons.
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Figure 4.10: Sim ulation of the bremsstrahlung photon sp ectrum b efore

passing through an y subsequen t material.

The densit y p




th

expressed in n um b er of photons p er m

3

within a v olume, here

the b eampip e, can b e calculated b y [18 ]:
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(4.10)

where k

B

is the Boltzmann constan t ( k

B

= 8 : 617 � 10

� 5

eV =k

� 1

), T is the absolute

temp erature of the blac kb o dy in Kelvin and p




th

= 5 : 33 � 10

14

m

� 3

at ro om

temp erature ( T � 300 K).

The rate of suc h collisions p er bunc h can then b e calculated using:

N




th

= p




th

L

bmp

N

e

�

0

(4.11)

with N

e

the n um b er of electrons (p ositrons) p er bunc h, L

bmp

the length of the

b eampip e and �

0

the Thomson cross-section

4

. The v alues are giv en b elo w in

Sec. 4.7.2.3. The total energy of photons p er unit v olume is [18]:

U ( T ) =

�

2

( k

B

T )

4

15( c ~ )

3

(4.12)

The a v erage energy of the thermal photons E




th

can b e deriv ed:

E




th

=

U ( T )

p




th

=

�

4

15 � 2 : 4

k

B

T � 2 : 7 k

B

T � 2 : 3 � 10

� 4

[ T ] eV (4.13)

4

Thomson scattering is the scattering of electromagnetic radiation b y a c harged particle and

�

0

= 6 : 65 � 10

� 25

cm

2
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A t ro om temp erature the a v erage photon energy is appro ximately 0.07 eV.

4.7 PETRA T ests

4.7.1 PETRA Rings

PETRA (P ositron Electron T andem Ring Accelerator) is no w a pre-accelerator of

p ositrons and protons for the HERA collider and is as w ell used as a sync hrotron

source for the HASYLAB test exp erimen ts. The PETRA ring o�ers p ositron

(or electron) b eams with energies t ypically of 4.5, 7 and 12 GeV with a b eam

lifetime of 10 hours. It is therefore a v ery stable mac hine. It has a circumference

of 2304 m and can circulate 40 bunc hes at the same time, with a minim um

in ter-bunc h distance of 192 ns and a bunc h c harge of the order of 10

10

p ositrons,

parameters similar to those foreseen for TESLA. The p ositron bunc h length is

t ypically 100 ps and its b eam energy spread is appro ximately 0.075%.

O0
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OL57

OR42 OR46OL46 OR52

DIPOLE
DETECTOR

7 m 98 m

LOC1 LOC2

DETECTORDIPOLEMONITOR
PRESURE

viewport

Q0N

e+

QUAD QUAD

Figure 4.11: Sc hematics of the PETRA accelerator within the DESY complex and a

zo om in to the straigh t section with the t w o detector lo cations.

Preliminary bac kground measuremen ts for the same bunc h w ere p erformed

at PETRA at 4.5 GeV and 7 GeV in t w o di�eren t lo cations (Fig. 4.11) whic h
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w ere the p ossible p ositions for the detector of the laser-wire exp erimen t. The

v arious relev an t b eam parameters are gathered in T ab. 4.2. Lo cation 1 (LOC1)

Beam energy 4.5 and 7 GeV

Beam curren t 1.55 to 1.77 mA

P articles p er bunc h 7.5 to 8.5 10

10

Av erage v acuum pressure 1 to 2 10

� 12

bar

Beam lifetime 10 hours

T able 4.2: PETRA Beam P arameters relev an t for bac kground measuremen ts.

is based at the b eginning of a straigh t section b ehind a dip ole whereas lo cation

2 (LOC2) is situated appro ximately 98m a w a y at the end of the straigh t section.

The detector in lo cation 2 is p ositioned b ehind a dip ole and placed b et w een a

short v ertical magnet and a quadrup ole. The pressure inside the b eampip e is

measured using 7 pressure monitors lying along the straigh t section.

4.7.2 First Bac kground Sim ulations

A close-up of the exp erimen tal setup is displa y ed in Fig. 4.12. The Compton

photons en ter the aluminium w all of the b eampip e and are then detected. The

sim ulation includes a v acuum b eampip e, a dip ole, an aluminium b eampip e w all

and a detector as sho wn in Fig. 4.13.

DIPOLE MAGNET

LASER

BEAM PIPE

CALORIMETER

SIGNAL AND 
BACKGROUND FAN

BEAM TRAJECTORY

Figure 4.12: Close-up of the exp erimen tal setup.
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Figure 4.13: Setup of the sim ulation.

4.7.2.1 Sync hrotron Radiation

Sync hrotron Radiation bac kgrounds w ere sim ulated using the metho ds describ ed

in Sec. 4.6.1 for t w o PETRA electron b eam energies. The critical photon energies

are appro ximately 1 k eV for 4.5 GeV and 4 k eV for 7 GeV and the n um b er of

emitted photons p er p ositron is 0.231 and 0.360 for 4.5 and 7 GeV resp ectiv ely .

The con tribution of SR photons to the o v erall bac kground sp ectrum is sho wn in

Fig. 4.14.

4.7.2.2 Bremsstrahlung

Bac kground measuremen ts on the same bunc h are presen ted in Sec.4.7.3.2 with

PETRA running at 130 kHz. Th us sim ulation o v er 130000 bunc hes, corresp ond-

ing to 1 sec. measuremen t time, w as p erformed with GEANT3 including a

straigh t section of 10 m length for lo cation 1 and 98 m for lo cation 2. Resp ec-

tiv ely , appro ximately 0.29 and 2.85 photons are emitted p er bunc h. The v acuum

pressure inside the b eampip e w as set to 1 : 5 � 10

� 9

m bar.

4.7.2.3 Thermal Photons

The subsequen t Compton photon energy distribution is similar to that displa y ed

in Fig. 4.6 but with a maxim um energy of appro ximately 10.8 MeV and 26.2 MeV

for p ositron b eams of 4.5 GeV and 7 GeV resp ectiv ely . The n um b er of radiated

photons N




th

p er bunc h is 0.026 for lo cation 1 and 0.26 for lo cation 2.
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4.7.2.4 Sim ulation Conclusions

The bac kgrounds are added together. Results of the v arious bac kground sim ula-

tions are depicted in Fig. 4.14 for an energy range b et w een 0 and 600 k eV. The

Figure 4.14: Sim ulation results at t w o lo cations for a p ositron b eam

energy of 4.5 and 7 GeV o v er 130000 bunc hes. No energy resolution

from a detector is applied.

results demonstrate that the exp ected n um b er of ev en ts detected, � , follo ws a

P oisson distribution b ecause of the lo w n um b er of photons reac hing the detector.

Th us, for eac h SR bac kground pro cess the probabilit y P

n

for n photons detected

after a single bunc h is giv en b y:

P

n

=

�

n

n

e

� �

(4.14)

Results from SR sim ulation ha v e sho wn that a negligible n um b er of photons

go through the b eampip e material at 4.5 GeV (upp er limit � 1 � 10

� 15

photons
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p er bunc h) but at a b eam energy of 7 GeV p eaks are observ ed as depicted in

Fig. 4.14. Due to P oisson statistics a high p eak is obtained when no photons are

observ ed, and follo wing p eaks, apart b y 60 k eV, arise for cases when one, t w o or

more photons reac h the detector. Beam gas bremsstrahlung results, presen ted in

Fig. 4.14, sho w that the bremsstrahlung photon sp ectrum co v ers a m uc h wider

range of energies than presen ted in the plots.

4.7.3 First Bac kground Measuremen ts

4.7.3.1 Detector Setup and Calibration

Bac kground measuremen ts w ere carried out using a CsI(TI) crystal of size 15 �

15 � 100 mm

3

glued to a photom ultiplier Hammatsu R268. The ligh t-tigh t b o x

including the crystal and the photom ultiplier w as p ositioned tangen tially to the

b eampip e and 30 cm a w a y from the dip ole magnets to a v oid an y electromagnetic

e�ects on the detector. The signal from the photom ultiplier is sen t via a c harge

sensitiv e pre-ampli�er to a shaping circuit. The bip olar output of the shaping

circuit is used to generate a clo c k signal via a discriminator and a gate/dela y unit

while the unip olar output is connected to an analogue/digital (A/D) b oard. The

calibration w as ac hiev ed with the 660 k eV p eak of a

137

C s radioactiv e source. An

atten uator connected b et w een the test pulse and the pre-ampli�er w as used to

obtain the p edestal and hence c hec k that the p edestal corresp onds to an energy

of zero k eV in the �nal A/D b oard. Analysis of the calibration data rev eals an

energy resolution of appro ximately 4%.

4.7.3.2 Measuremen ts Results

Results of the measuremen ts at b oth lo cations with t w o b eam energies are plot-

ted in Fig. 4.15. SR and residual gas bremsstrahlung, describ ed in Sec. 4.7.2, are

the t w o dominan t bac kground sources. A t 4.5 GeV in b oth lo cations the energy

of the photons co v ers the whole measuremen t sp ectrum; only photons from gas

residual bremsstrahlung reac h the detector. In lo cation 2 more photons are de-
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Figure 4.15: Bac kground measuremen ts at t w o lo cations for a p ositron

b eam energy of 4.5 and 7 GeV. Data is tak en o v er 130000 bunc hes.

tected. A t 7 GeV in b oth lo cations p eaks are observ ed at n � 60 k eV for in teger

n, whic h is the signature of SR as sho wn in the sim ulation section. Ho w ev er,

in lo cation 1 more photons from this pro cess are observ ed. A high p eak is also

found at zero k eV in the v arious �gures whic h corresp onds to the case where no

photons are detected as exp ected according to P oisson statistics.

4.8 Conclusion

Measuremen ts and sim ulations of the bac kground for the PETRA laser-wire ex-

p erimen t w ere p erformed at 2 lo cations and 2 p ositron b eam energies. These

indicated a high rate of photons coming from sync hrotron radiation but with lo w

energies and a lo w rate of bremsstrahlung photons with energies p ossibly as high

as the b eam energy . The sim ulations w ere carried out with 145 mm of aluminium

thic kness. In fact an e�ectiv e length of more than 1 m of Aluminium is lo cated in
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fron t of the presen t calorimeter p osition due to the shallo w angle of the photons

in the b eampip e. Ho w ev er the conclusion of this study w as that bac kgrounds

w ere not a problem for the PETRA laser-wire (unlik e the case at A TF [10]) and

so enabled the laser-wire collab oration to pro ceed with installation of a v acuum

v essel at the IP . The laser-wire exp erimen t has since installed a v acuum windo w

that allo ws e�ectiv ely all the signal to pass through, while the bac kgrounds are

still under con trol.
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Chapter 5

The Laser-Wire Calorimeter and

Results at PETRA

The laser-wire uses a �nely fo cused laser b eam to measure the transv erse pro�le

of p ositron bunc hes b y detecting the Compton scattered photons. As describ ed

in Sec. 4.4, the total energy of the bunc h of scattered photons emitted during

the in teraction of the laser and the p ositron b eam is dep enden t on their relativ e

p ositions. A calorimeter is needed to detect the scattered Compton photons. It

has to b e lo cated close to the b eampip e and so b e radiation hard. In addition, the

calorimeter has to b e fast enough to a v oid pile-up from successiv e bunc hes. Lead-

tungstate crystals w ere c hosen to satisfy the ab o v e requiremen ts, as describ ed

b elo w, and used successfully for the �rst transv erse b eam-size measuremen ts with

a laser-wire at PETRA.

5.1 Scin tillation

Scin tillation is the ph ysics pro cess b y whic h absorb ed energy in a medium is

transformed in to photons that can b e detected. In an inorganic substance it is

essen tially a crystal prop ert y of insulators and semi-conductors, where the energy

b et w een the v alence band and the conduction band is of order an electron v olt.

Under external radiation, the electron of the v alence band can \jump" to the
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conduction band (ionisation phenomenon), or, if the energy is not su�cien t for

the electron to reac h the conduction band, it remains b ound to a p ositiv e hole,

creating an electron-hole com bination in an excited state, called an exciton. Lu-

minescence then app ears with the subsequen t recom bination as sho wn in Fig. 5.1.

This description can only b e applied to p erfect (or in trinsic) crystal lattices. In
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Figure 5.1: Scin tillation pro cess in in trinsic inorganic crystals [5 ].

most cases, luminescence is due to an emission cen tre consisting of impurities in-

tro duced with a con trolled quan tit y . These impurities are energetically lo calised

b et w een the v alence and conduction band thereb y creating additional energy lev-

els. The capture of an electron from the conduction band, b y the cen tre leads to

an excited state. Return to the fundamen tal state o ccurs through v arious w a ys

[1]: if it is a luminescen t cen tre, the transition is radiativ e and if it is a \quenc h-

ing" cen tre, the transition is non radiativ e and the excitation energy of the cen tre

is thermally dissipated.

PbW O

4

scin tillation - Lead tungstate scin tillation mec hanisms are not all

kno wn, and researc h on this sub ject is di�cult b ecause eac h crystal, whic h can

not b e built rigorously under exactly the same conditions has di�eren t prop erties.

Nonetheless there are t w o distinguishable emission lines, one blue line at 420 nm

and a green line at 500 nm.

Lead tungstate consists of Pb

2+

ions b ound to the so called cen tres W0

2 �

4

and
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Densit y 8.28 g =cm

3

Radiation length 0.89 cm

Moli � ere radius R

M

2.19 cm

Emission p eak 420-440 nm

Decreasing time 15 ns (60%)

100 ns (1%)

Refractiv e index 2.3

T able 5.1: PbW O

4

crystal c haracteristics.

(W O

3

+ F) within the matrix forming the crystal, with F b eing an impurit y in the

crystal. Eac h scin tillation line is due to the activ ation of the lead ions asso ciated

with eac h cen tre. Th us the blue line corresp onds to the exciton of the lead, b ound

to the (W O

4

)

2 �

group. This constitutes the c haracteristic luminescence cen tre of

tungstates. The p eak of the emission sp ectrum for the lead tungstate crystal is

t ypically around 420 nm for photoluminescence and 440 nm for radioluminescence

[3]. A subsequen t ligh t collection system has to b e carefully c hosen in accordance

with these p eak emissions.

5.2 Lead T ungstate Crystals

Lead tungstate crystals w ere c hosen for their compactness, their fast resp onse

and their radiation hardness; T ab. 5.1 lists their main c haracteristics. The CMS

electromagnetic calorimeter [6] R&D programme of the last few y ears has led to a

b etter understanding of the radiation damage mec hanism. The main conclusion

is that radiation a�ects neither the scin tillation mec hanism nor the uniformit y of

the ligh t yield along the crystal. It only a�ects the transparency of the crystals

through the formation of color cen tres and the transp ort of ligh t is c hanged b y

self-absorption of the crystals [2]. Most of the ligh t is collected within 100 ns

whic h mak es PbW O

4

a v ery fast scin tillator.

The main problem with the crystals is the high sensitivit y of their ligh t yield
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to temp erature v ariation. Previous studies b y the CMS group has indicated a

temp erature dep endence of -1.98%/K in the temp erature region of 250-300 K. A

more detailed study on the dep endence of the calorimeter output with temp era-

ture v ariation is presen ted later on.

5.3 Detector Geometry

5.3.1 Individual Crystal Description

Lead tungstate has a radiation length and Moli � ere radius of 0.89 and 2.19 cm

resp ectiv ely , whic h mak es electro-magnetic sho w ers compact compared to other

scin tillation materials. Sim ulation p erformed with GEANT4 [4] and taking in to

accoun t v arious PbW O

4

crystal sizes, indicates that a length of 150 mm and

an o v erall fron t face of 54 mm is enough to con tain 91% of the electromagnetic

sho w er from an incoming 300 MeV photon as displa y ed in Fig. 5.3. In addition in

order to optimise the collection of ligh t inside the crystal and minimise the loss,

the crystals are p olished as sho wn in the Fig. 5.2. They are also non tap ered in

order to �t easily together.

Figure 5.2: Single 150 mm long lead tungstate crystal picture as used for the laser-wire

calorimeter.
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Figure 5.3: Relativ e energy dep osit for 300 MeV photons inside the crystal as obtained

from the sim ulation with Gean t4.

5.3.1.1 Crystal Matrix

The �nal c hoice of the o v erall size of the activ e v olume of the calorimeter w as

mainly driv en b y the a v ailable photom ultiplier size and the standard size of crys-

tals that could b e deliv ered rapidly at relativ ely lo w cost. The crystals are gro wn

in standard sizes of 18, 20 and 22 mm width th us, in order to accoun t for a big-

ger o v erall size, it w as decided to stac k together 9 crystals to form the required

width. The 3 � 3 matrix consists of 18 � 18 � 150 mm PbW O

4

crystals wrapp ed

in a highly glossy white �lm. It is held together b y an aluminium structure. The

matrix and the PMT are moun ted in a ligh t tigh t aluminium b o x. A dedicated

study w as p erformed at a testb eam and is describ ed b elo w in Sec. 5.4.

5.3.2 Photom ultiplier

T o collect the photons from the sho w ers dev eloping in the crystals, a single photo-

m ultiplier (PMT) Hamamatsu R6091 is connected to one end of the matrix with

optical grease BICR ON BC-630.
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Catho de Luminous Sensitivit y ( S

k

) 91.9 �A=l m

Ano de Luminous Sensitivit y ( S

a

) 708.0 A=l m

Catho de Blue Sensitivit y Index ( S

k f

) 10.30

T ransit time 48 ns

Sensitiv e surface 65 mm

T able 5.2: R6091 Photom ultiplier tub e c haracteristics.

5.3.2.1 Characteristics

The relev an t PMT c haracteristics are pro vided in T ab. 5.2 and are describ ed

further in the sections b elo w.

� Radiation hardness: no data on the radiation hardness of the PMT w ere

a v ailable prior to its use for the laser-wire exp erimen t. T o accoun t for

p ossible radiation damage, whic h w ould lo w er the signal, t w o calibrations

at test b eams w ere p erformed and are describ ed later on.

� Photo catho de sensitivit y: the photo catho de material de�nes the sp ectral

sensitivit y of the PMT. The photo catho de for the PMT used is a dedicated

bialk ali material whose sp ectral sensitivit y c haracteristics are displa y ed in

Fig. 5.4. The catho de radian t sensitivit y , sho wn in Fig. 5.4, is de�ned as

the ratio of the catho de curren t to an inciden t 
ux in W but it is more

customarily sp eci�ed in terms of photometric units and is th us called the

catho de luminous sensitivit y s

k

, with an incoming 
ux in lumens as giv en

in T ab. 5.2. The maxim um of the sp ectral resp onse is at 420 nm appro x-

imately , whic h mak es the PMT appropriate for PbW O

4

ligh t emission as

seen in the previous section.

� Gain: the gain of a photom ultiplier is the ratio I

a

=I

k

, where I

a

is the ano de

curren t due to a catho de photo curren t I

k

[5]:

G =

I

a

I

k

=

S

a

S

k

(5.1)

61



Figure 5.4: Sp ectral resp onse of the photom ultiplier tub e R6091. Courtesy of Hama-

matsu.

where S

a

, the ano de luminous sensitivit y , is the measured ano de in ten-

sit y for a giv en luminous 
ux �

v

, th us S

a

= I

a

=�

v

, and S

k

is the cath-

o de luminous sensitivit y for a catho de in tensit y of the same luminous 
ux;

S

k

= I

k

=�

v

. The gain G

b

of a PMT tub e for a sp eci�c w a v e-length is giv en

b y

G

b

=

S

a

S

k

� S

k f

(5.2)

with S

a

, S

k

and S

k f

, the catho de blue sensitivit y index, as sho wn in T ab. 5.2.

The gain at ro om temp erature (25

o

C) for a w a v e-length of 430 nm (blue)

is 7 : 48 � 10

5

for a p o w er supply of 2000 V. The gain increases rapidly as

a function of the applied v oltage as illustrated in Fig. 5.5 and v aries with

temp erature, w a v e-length, and mean ano de curren t.

� T ransit time: this is in terv al b et w een the arriv al of a ligh t pulse at the

catho de of the PMT and that of the corresp onding curren t pulse at the

ano de. It is equal to 48 ns for the PMT used here.
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(G  )
b

Gain of PMT 
at 430 nm

Gain of PMT
(G )

Figure 5.5: Standard R6091 Photom ultiplier tub e gain as a function of the p o w er

supply . Courtesy of Hamamatsu.

5.3.3 Fluctuations of the Signal

In this section w e discuss the factors whic h con tribute to and limit the energy

resolution of the calorimeter. The precision with whic h the energy of sho w ering

particles can b e measured is limited b y:

1. 
uctuations in the cascade pro cesses through whic h the energy is degraded,

2. the tec hnique c hosen to measure the �nal pro ducts of the cascade pro cesses.

It corresp onds here to the limit of resolution of the PMT.

T raditionally the energy resolution

�

E

E

of calorimeters is parameterised with

the follo wing relation:

�

E

E

=

a

p

E

� b �

c

E

(5.3)

where the sto c hastic term a corresp onds to statistical 
uctuations of the sho w-

ers, the constan t term b dep ends on the qualit y of the detector (calibration and

uniformit y), the term c is the noise from the electronics.
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5.3.3.1 Sto c hastic T erm

A particle dep ositing an energy E in a crystal creates b y scin tillation from an

electromagnetic sho w er man y photons, from whic h N �

p

N reac h the PMT at

the end of the crystal.

W e obtain:

�

E

E

=

1

p

N

(5.4)

if � =

E

N

is the mean energy necessary to create a scin tillation photon then:

�

E

E

=

r

�

E

=

a

p

E

(5.5)

5.3.3.2 Constan t T erm

The uniformit y of the resp onse (longitudinal and lateral) of the crystals and the

calibration precision are transcrib ed b y the constan t term b . It includes as w ell

the leak age.

If for an energy E , w e obtain the signal s , then s = z E where z is the calibration

constan t. F or uncorrelated v ariables z and E , the resolution on the signal

�

�

s

s

�

is giv en b y error propagation

�

�

s

s

�

2

=

�

�

E

E

�

2

+

�

�

z

z

�

2

(5.6)

and using eq.5.5, the signal resolution b ecomes

�

s

s

=

a

p

E

� b (5.7)

where the sto c hastic term a app ears again as w ell as a constan t term b dep ending

on the resolution of the calibration constan t. This term sets the limit on the

p erformance at v ery high energies.
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5.3.3.3 Electronic Noise

Ev en in the absence of a sho w ering particle, electronics generate (gaussian) noise.

This noise has a direct e�ect on the c harge collection at the end of the electronics.

Since the calorimeter measures the energy of sho w ering particles in the same units,

this noise term is equiv alen t to a certain amoun t of calorimetric energy . Th us its

con tribution to the o v erall resolution scales lik e E

� 1

. This comp onen t limits the

lo w energy p erformance of the calorimeter.

5.3.3.4 Instrumen tal E�ect

The statistical 
uctuation of the c harge m ultiplication within the PMT to the

total sto c hastic term can b e written:

a = a

1

� a

2

(5.8)

where a

1

is the term coming from photostatistics in the crystal and a

2

from the

PMT 
uctuations. Generally , a

2

is dominan t with resp ect to a

1

. The PMT


uctuations are mainly due to radiation, temp erature and gain instabilities. The

PETRA laser-wire collab oration uses a dedicated high v oltage supply Fluk e 415B

with an output stabilit y of +/-0.0020%. The o v erall resolution of the detector,

including crystals and the PMT, is summarised in the next section.

5.4 P erformance of the Calorimeter

The p erformance of the calorimeter w as c hec k ed in a test b eam b efore and after

its use for the laser-wire exp erimen ts at PETRA. In the follo wing section the

v arious tests are describ ed.

5.4.1 T estb eam at DESY I I

The detector studies w ere undertak en at the DESY I I test b eam facilit y . The

DESY I I sync hrotron is the p ositron injector for the DORIS and PETRA ma-

c hines and pro vides three parasitic electron test b eams n um b ered 21, 22 and 24
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[9]. The studies undertak en on the detector to ok place using b eam 24 for most

of the preliminary studies and then b eam 22 for all the follo wing exp erimen ts.

The energy range of the b eam is from 0.45 to 6 GeV with a maxim um rate for

electrons of 1 kHz at 3 GeV. As sho wn on the la y out in Fig. 5.6 the b eam test 22

is made up of sev eral comp onen ts. A carb on �bre target of 6-10 �m in diameter

p ositioned in DESY I I; a con v erter target; a b ending magnet and t w o collima-

tors. The carb on �bre target is placed in the circulating b eam of DESY I I whic h

pro duces a bremsstrahlung photon b eam tangen tial to the initial electron b eam.

The photons are then con v erted to electron-p ositron pairs b y a copp er con v erter

target. The magnet is set to allo w only electrons with the desired energy through

t w o collimators and th us in to the exp erimen tal area. The �rst collimator has an

adjustable windo w width and the second is a blo c k of lead with a hole of 1cm in

diameter.

e-

Collimator

Magnet

ConverterCarbon Fiber
Target

DESY II

Figure 5.6: La y out of the b eam test 22 at DESY I I. The electrons created after con v er-

sion of gammas in to pairs are de
ected b y a magnet b efore going through the collimator.

5.4.2 Installation at DESY I I

The detector b o x w as installed on a mo v able table in the b eam axis as sho wn in

Fig. 5.7. Three plastic scin tillators, used as triggers, w ere in terspaced b et w een

the collimator and the matrix. Tw o of the scin tillators w ere crossed and p osi-

tioned 0 : 8 m from the collimator en trance and de�ned an activ e region of angle

3 : 57 mrad. The third trigger, lo cated 136 mm from the PbW O

4

crystals and

used for the geometrical studies detailed later on, reduced the sensitiv e area to
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the electron b eam at the matrix surface to 0 : 08 cm

2

. Ev ery time an electron go es

through t w o (or three) scin tillators it triggers the data acquisition.

e -

(Adjustable)

Collimator

Aluminium structure

Photomultiplier

Crystal Matrix

Adjustable Table

Cross-Wire Scintillators

Figure 5.7: 3 � Dimensional view of the exp erimen t at the test b eam.

The analog signal from the detector is sen t to a 12 bit resolution fast PCI-

ADC card with maxim um input v oltage of � 1 V whic h is externally clo c k ed b y

the coincidence signal of the scin tillators. The card is based on a memory-b oard

with a CMOS-static ram of 10 mega-Bytes and a 10 mega-samples p er second

ADC-b oard. The o v erall electronics la y out is sho wn in Fig. 5.8. The signal w as

ampli�ed, broadened b y a 96 ns shap er and dela y ed to pro duce a pulse with lo w

v arying amplitude to b e easily sync hronised with the trigger pulse. An additional

dela y of 9 ns w as applied to the signal to comp ensate the in ternal dela y of the

card. Fig. 5.9 displa ys the mean output obtained from the card for a �xed signal

originating from the detector.

The pulses from the scin tillators w ere ampli�ed and sen t to discriminators with

threshold set to 50 mV to pro duce 80 ns logical signals and their coincidence used

to pro vide a TTL clo c k signal for the PCI-ADC card.

Tw o iden tical PCI-ADC cards w ere used. The digital resp onse of the cards

with resp ect to kno wn v oltages w as in v estigated as sho wn in Fig. 5.10 for the sec-

ond card and is giv en in terms of ADC coun ts/mV in the T ab. 5.3. It sho ws that

cards n um b er one and t w o ha v e a resp ectiv e digital resolution of 2.048 and 1.39
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Figure 5.8: Electronic la y out.
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Figure 5.9: Mean output in arbitrary units (a.u.) v ersus the dela y applied to a signal

originating from the detector.

ADC coun ts/mV. The �rst card w as destro y ed during bac kground tests at PE-

TRA and only the second card w as in use for the consecutiv e laser scan measure-

men ts. This later card had an inner p edestal due to miscalibration adjustemen t

whic h prev en ted a sensitivit y of 2.048 ADC coun ts/mV.
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Card Num b er Digital Resp onse

[ADC coun ts/mV]

1 2.048

2 1.39

T able 5.3: Digital resp onse of the t w o PCI-ADC cards used for the PETRA laser-wire.
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Figure 5.10: Digital resp onse v ersus the input v oltage of the PCI-ADC card used for

the second calibration. The slop e of the digital resp onse function of the second card

w as found to b e 1.39 ADC coun ts/mV.

5.4.3 Preliminary Studies

Prior to in v estigating the energy resolution of the �nal detector used at the

laser-wire exp erimen t, a n um b er of preliminary studies describ ed b elo w w ere p er-

formed.

� Individual Crystals

T en crystals w ere individually tested with a 3 GeV electron b eam in order

to c hec k their energy resp onse and select appropriately the 9 crystals to

b e used in the �nal matrix. Eac h crystal w as connected to a Hamamatsu

R560 PMT. The measured v oltage sp ectrum from the energy dep osit of an

incoming electron, as sho wn in Fig. 5.11 for crystal n um b er 2, w as �tted to

a double gaussian to obtain the width of the p eak and its mean. Fig. 5.12
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displa ys the result of the p eak width v ersus the p eak mean v oltage for

eac h crystal. The results did not fail an y crystal: all ga v e a similar energy

resp onse, with not more than 4% of di�erence for an y crystal. A more

detailed study is a v ailable in [7].

Figure 5.11: V oltage distribution for crystal n um b er 2 and its double gaussian �t.

Figure 5.12: The p eak width � in v olt v ersus the p eak mean v oltage for eac h crystal.

� T emp erature studies

PbW O

4

scin tillators ha v e a relativ ely high temp erature dep endence of ligh t

yield due mainly to strong thermal quenc hing [1]. The crystals' output v ari-

ations with temp erature w ere studied and their resp onse to a �xed 2 GeV
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electron b eam w as c hec k ed. T emp erature measuremen ts w ere p erformed

with a linear PT100 sensor attac hed to the surface of the crystals. The b o x

con taining the crystals w as �rst heated and main tained at a temp erature of

24 � 0.1

o

C and then brough t to the co oler test b eam area, where the temp er-

ature w as measured to b e 18 � 0.1

o

C. The crystals and PMT w ere enclosed

in protectiv e foam within the ligh t tigh t b o x whic h ensured a slo w decrease

of temp erature and so main tained homogeneit y of temp erature throughout

the detector. The detector resp onse to temp erature c hange is displa y ed

in Fig. 5.13. The resp onse data are w ell �tted b y a quadratic function.

The temp erature co e�cien t de�ned as � [% =

o

C ] = d

o

=dT is calculated to

b e � 2 : 7%/

o

C at 20

o

C and decreases to � 1%/

o

C at 22

o

C. d

o

corresp onds

to the di�erence in output for the temp erature range dT . Th us, the higher

temp erature of the detector, the lo w er the temp erature 
uctuations a�ect

the resp onse. This e�ect has also b een observ ed within the CMS lead

tungstate study group where it w as sho wn that, for the ligh t yield, the

absolute v alue of the temp erature co e�cien t k eeps decreasing up to 51

o

C

[6]. F or the presen t calorimeter, it is assumed that the v ariation co e�cien t

is b elo w 1% =

o

C for temp eratures higher than 24

o

C, whic h is roughly the

temp erature in the PETRA tunnel as discussed in Sec. 5.5.5. The results

sho w as w ell that to gain in sensitivit y (+10%) a co oling system w ould b e

necessary . Ho w ev er the detector resp onse is already go o d enough for the

purp ose of the laser-wire exp erimen t.

5.4.4 P erformance

T ests w ere p erformed on the calorimeter prior to and after its use at PETRA.

Both p erformances obtained at DESY I I are presen ted b elo w. The �rst tests

w ere done b efore an y installation at the PETRA b eamline and w ere p erformed

at 1145 V. The second detector tests w ere done after its use for the �rst laser scan

with the same exp erimen tal conditions as used at PETRA i.e. with a calorimeter

p o w er supply of 2115 V. It w as exp ected that a v oltage supply of 1145 V w ould
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Figure 5.13: Resp onse of the detector for temp erature range from 24 to 18

o

C.

b e su�cien t for the scan measuremen ts at PETRA, th us the pre-installation test

w ere p erformed at this v oltage. Ho w ev er the amoun t of material in fron t of the

detector and the degradation of its photo catho de necessitated 2145 V of p o w er

supply to collect an adequate output signal. The amplitude of the analog signal

w as recorded at eac h bunc h crossing to form a sp ectrum as sho wn in Fig. 5.14(a),

together with its gaussian �t. Fig. 5.14(b) sho ws the results of the mean v alue as a

function of the b eam energy . The test p oin ts out that the energy leak age, if there

is an y , do es not increase within the energy range studied and that the calorimeter

is not saturating at 1145 V. Ho w ev er, the second test indicates at 2115 V that the

signal v ersus the incoming energy is not an y more linear for energies higher than

3 GeV. A linear �t according to V [V olt ] = a

v

E [GeV ] + b

v

b elo w 3 GeV for the

second calibration and on the full range for the �rst calibration giv es the results

displa y ed in T ab. 5.4. The �t results suggest that the signal at 2115 V is ten

times the signal at 1145 V, whereas from the standard gain curv e (Fig. 5.5) it is

exp ected to b e appro ximately 160. In addition the second calibration illustrates

that photons of energy at least 4.4 MeV are necessary to obtain a p ositiv e output

v oltage at the PMT. These results indicated a degradation of the calorimeter.

The disman tling of the detector rev ealed a dark ened photo catho de windo w due

to radiation damage.
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Figure 5.14: T ypical signal and p edestal ADC sp ectrum at the b eam test and

calibration plot of v oltage v ersus energy . The signal measuremen t is triggered b y

the scin tillators coincidence and the p edestal measuremen t b y random noise.

T est n um b er a

v

b

v

[10

� 3

]

1 0.130 � 0.01 0.0322 � 0.003

2 1.324 � 0.014 -5.59 � 0.02

T able 5.4: Results of the linear �t of the V oltage [V] v ersus the b eam Energy [GeV].

The exp erimen tal energy resolution of the matrix w as measured and �t ac-

cording to

�

E

E

=

r

(

c

E

)

2

+ (

a

p

E

)

2

+ b

2

(5.9)

The resulting parameters are giv en in T ab. 5.5 and Fig. 5.15 sho ws the �t with

c the instrumen tal error (noise and p edestal width), a the resolution due to

statistical 
uctuation in the PMT and crystals, and b the calibration and non-

uniformities error. A t 6 GeV, the energy resolution of the detector is appro x-

imately 5 : 4 % and at 0 : 8 GeV it is 14 : 5 % for PMT p o w er supply of 1145 V.

Ho w ev er at 2115 V, the electronics noise is increased and the resolution is 23 %
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P o w er Supply [V] 1145 2115

parameter mean v alue error mean v alue error

c (electronic) 0.102 0.006 0.177 0.003

a (sto c hastic) 0.067 0.003 0.0094 0.0002

b (uniformit y) 0.034 0.002 0.0014 0.0003

T able 5.5: Fitting parameters for the energy resolution.
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Figure 5.15: Energy resolution of a 3 b y 3 matrix made of 18 � 18 � 150 mm PbW O

4

crystals for PMT p o w er supply of 1145 V and 2115 V.

at 0.8 GeV.

5.4.5 Geometrical Resp onse of the Detector

The resp onse of the detector to the relativ e p osition of the incoming electron

b eam w as determined using a �xed b eam energy of 3 GeV, the energy at whic h

the 
ux of electrons from DESY I I is a maxim um. The table supp orting the

b o x w as mo v ed v ertically . Bet w een eac h set of measuremen ts, the p edestal w as

measured. It w as then subtracted from the signal. The p edestal v aries b y ab out
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8 % o v er a few hours. One scan, at the horizon tal cen tre of the matrix, is sho wn

in Fig. 5.16 with the signal only . The horizon tal lines are the b oundaries of the

crystals. It indicates a plateau for the middle crystal and sho ws as w ell the non

uniform b eha viour of the matrix resp onse (com bination of PMT, optical grease

and crystal e�ciency).

Signal with Pedestal

Pedestal

Signal Only

70

80

90

100

110

120

130

140

300 400 500 600 700 800 900 1000 1100 1200

Value (A.U.)

V
er

tic
al

 P
os

iti
on

 [m
m

] (
A

.U
.)

18 mm

Figure 5.16: Signal and p edestal as a function of the v ertical p osition of the matrix

with resp ect to the b eam axis. Horizon tal lines corresp ond to the edges of the crystals.

The Compton signal in PETRA has a fan of

1




e

appro ximately

1

where 


e

stands for the Loren tz factor of the electron b eam, neglecting the bunc h angular

phase space, so the region illuminated is appro ximately 0 : 025 mm

2

for an electron

b eam of 4.5 GeV. T aking in to accoun t 145 mm of aluminium thic kness in fron t

of the detector increases this region to 1 cm

2

15 m do wnstream. Measuremen ts

w ere th us concen trated in the region of the cen tral crystal and a scan in x � y

w as p erformed ev ery 2 : mm in con trast to the previous study where x w as �xed

and y w as mo v ed accross the whole matrix. The results are sho wn in Fig. 5.17.

The crossing of a v ertical and horizon tal line corresp ond to a data p oin t. The

con tours sho w the same lev el of detector resp onse, in terp olated from the data

p oin ts.

A plateau is observ ed around a cen tral area of 10 mm of diameter with the

1

� =0.04 is neglected in this appro ximation of the fan equation of Sec. 4.5.
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Figure 5.17: Mapping of the calorimeter in its cen tral region.

signal v arying not more than 10 %. The plot sho ws as w ell that the maxim um

resp onse of the detector is sligh tly o� cen tered b y a few mm compared with the

geometrical cen tre of the matrix.

5.5 Installation at PETRA

5.5.1 Ov erview

As describ ed in Chap. 4.7, lo cation 1 w as c hosen for the installation of the exp er-

imen t. Th us the laser is installed appro ximately 15 m a w a y in a laser h ut outside

the PETRA tunnel as displa y ed in Fig. 5.18. An access pip e connects the tunnel

of PETRA and the laser h ut where the laser system is based.

5.5.2 Laser

The laser used for the laser-wire exp erimen t is a Quan tel YG580 mo del Q-

switc hed system, whic h pro vides short, high-energy pulses rather than con tin uous

w a v e op eration. The system is based on an Yttrium-Alumin um-Garnet crystal

dop ed with Neo dymium (Nd:Y A G) ampli�er originally used at CERN for the

p olarimeter at the LEP mac hine. It pro vides a green laser with w a v e-length 532
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Figure 5.18: Sc hematic view of the b eam laser path from the laser h ut to the PETRA

tunnel.

nm. Green ligh t is c hosen for this exp erimen t b ecause its shorter w a v e-length

enables smaller sp ot sizes to b e ac hiev ed, and it is easer to set up and manage

than infra-red.

5.5.2.1 Laser T ransp ort

The laser ligh t is transp orted from the laser h ut to the IP at PETRA through

v arious optics as sho wn in Fig. 5.19. T o reduce the systematics from the uncer-

tain ties in the laser b eam sp ot size, the laser b eam transv erse size at the IP has

to b e reasonable (ab out a third) compared to the p ositron b eam size it scans; the

�nal sp ot size is determined b y the fo cal length of the last lens, o v er the input

b eam radius. T o pro vide the input b eam with a kno wn size at the last lens, a

telescop e made of t w o fo cusing lenses, 10 m apart, is used. Bet w een the telescop e

and the last lens righ t in fron t of the viewp ort a mirror attac hed to a piezo electric

tilting actuator is used to mo dify the direction of the photon b eam and so adjust

the relativ e p osition of the laser b eam with resp ect to the p ositron b eam. Its scan

range is 0-2 mrad, and the actuator is at one end of its range when no v oltage

is applied. Fig. 5.20 sho ws the laser path in the h ut and Fig. 5.21 displa ys the

optics in the tunnel b efore the ligh t reac hes the IP c ham b er. On the other side

of the viewp ort a Charged Coupled Device (CCD) camera is installed whic h is

used to measure the photon b eam size and p osition of the laser sp ot.
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Figure 5.19: La y out of the optical path from the laser h ut to the PETRA tunnel.

Figure 5.20: The ligh t path in the h ut transp orted from the laser to the access pip e

of PETRA.

5.5.2.2 P arameters of the Laser

The longitudunal pro�le of the laser is measured using a streak camera with 5 ps

time resolution. The data rev ealed a pulse length of � t =12.5 ns full width at

half maxim um with a sub-structure of 70 ps p eak to p eak, sho wn in Fig. 5.22.

This sub-structure is due to mo de-b eating of di�eren t longitudinal mo des. It

causes the Compton signal amplitude to v ary b et w een zero and full signal for
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Figure 5.21: Close-up view of the laser path b efore the in teraction c ham b er in the

PETRA tunnel. The piezo actuator is the top left optical system.

di�eren t laser shots. The transv erse size of the laser at the in teraction p oin t and

Figure 5.22: The laser longitudinal pro�le measured with a streak camera.

its p osition is needed as input in Eq. 4.4. A CCD camera lo cated on a trac king

rail is mo v ed longitudinally through the w aist of the laser and the b eam size is

measured at eac h p oin t. A �t of the b eam w aist measuremen t as a function of

the p osition z of the camera with resp ect to the distance to the �nal fo cus lens
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can b e p erformed with the follo wing equation

� = �

0

"

1 +

�

z

z

R

�

2

#

1 = 2

(5.10)

where the Ra yleigh range is z

R

=

4 � �

2

0

�M

2

, with � the laser w a v e-length, M

2

the

mo de qualit y index whic h quan ti�es the di�erence b et w een an actual b eam and

a Gaussian b eam. The result of the �t giv es a minim um w aist of �

0

= 35 � 1 � m

with M

2

= 7 : 6 � 0.4 and a ra yleigh range of 3807 � m.

T o c hec k the displacemen t of the laser sp ot at the in teraction p oin t, a b eam

splitter is in terspaced b et w een the piezo scanning mirror and the �nal fo cus lens

and part of the laser b eam is redirected through a lens, similar to the one at the

�nal fo cus, and on to a CCD camera.

The laser sp ot p osition at the in teraction p oin t is mo di�ed for eac h step of

the piezo-scanning mirror to whic h a sp eci�c v oltage from 0 to 10 V is applied

and ampli�ed b y a factor 10. The scanning step is 62.5 mm/V at the IP .

5.5.3 Signal Av ailable

V arious signals are a v ailable in the laser h ut, whic h giv e a measuremen t of the

crossing time of the laser and p ositron b eam and their resp ectiv e p osition; they

also pro vide a trigger for b oth the laser and the data acquisition system as indi-

cated in the signal path diagram of Fig. 5.23. The reference time is tak en from the

PIT (PETRA In tegrated Time) signal and corresp onds to the rev olution clo c k of

a bunc h circulating within PETRA ( � 131 kHz). This reference time pro vides

the trigger for a V ersa Mo dule Europa (VME) system whic h in turn sends the

required signals to the laser for the b eginning of its c harge, the laser pumping

action and the Q-switc hing whic h starts the release of the laser b eam. The laser

op erates at a maxim um frequency of 30 Hz, whic h is �xed b y the VME system

to o ccur b et w een the PIT signal from a selected bunc h (PITY) and the follo wing

PIT signal (PITE), dela y ed b y 96 ns. A b eam p osition monitor (BPM) stationed

do wnstream and v ery close to the IP pro vides the p ositron b eam p osition.
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In addition, a photo dio de with rise time of 1 ns is lo cated close to the in ter-

action p oin t and serv es as a trigger signal for the PCI-ADC card. The p ositiv e

signal from the photo dio de is th us ampli�ed to 150 mV and then con v erted to a

TTL signal usable b y the PCI-ADC trigger.

Figure 5.23: P ath diagram for the v arious signals collected at the laser h ut. The D A Q

system replaces the oscilloscop e.

5.5.4 Detector Installation P osition

The Compton scattered photons tra v el in a straigh t line while the p ositrons are

b en t b y a dip ole. Th us the detector has to b e p ositioned after the magnet, in the

direction of the photons. The calorimeter is installed on a stand at the heigh t of

the cen tre of the b eampip e, appro ximately 14.83 m a w a y of the IP . The horizon tal

alignmen t of the calorimeter w as p erformed using the p osition of the cen tre of

the viewp ort and t w o quadrup oles surrounding the IP . The p ositron b eam is not

b en t a w a y b y a quadrup ole but only fo cused and go es through its cen ter. Th us

the quadrup oles can b e used to geometrically de�ne the p osition of the b eam and

the direction of the scattered Compton photons.
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5.5.5 The PETRA En vironmen t

� T emp erature in PETRA

T emp erature measuremen ts w ere p erformed o v er 10 da ys of PETRA run-

ning. The range of temp erature at the detector lo cation w as measured to

increase from 24 to 26

o

C o v er 8 hours of running when only leptons are cir-

culating. As seen earlier, this range of temp erature, is exp ected to mo dify

the detector resp onse b y less than 1%.

� Radiation

Radiation measuremen ts in the PETRA tunnel and at the lo cation of the

detector w ere p erformed. They sho w an un usually high radiation lev el at

the detector lo cation, of the order of 76 Gy , compared to other p ositions

in the PETRA tunnel, of appro ximately 10 Gy . This radiation lev el is not

foresseen to b e problematic for the crystals of the calorimeter although it

degrades the resolution of the detector mainly b ecause the photo catho de

windo w of the PMT b ecomes bro wn, as describ ed in Sec. 5.4.4.

� Beam In tensit y

The in tensit y of the b eam is prop ortional to the n um b er of p ositrons in

a bunc h. It decreases with time b ecause of b eam loses due to SR and

bremsstrahlung as discussed in the previous c hapter. It can b e w ell �tted

with a simple exp onen tial ev olving with time

I = exp ( A + B t ) (5.11)

where I is the in tensit y in mA and t is the time in hours and A and B , are the

normalising parameters. The measured in tensities during the measuremen ts

at PETRA are sho wn in Fig. 5.24 and the �tted v alues of A and B are giv en

in T ab. 5.6.
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A B

Lo w curren t 2.96 � 0.01 -5.23 10

� 2

� 0.01 10

� 2

High curren t 4.87 � 0.01 -6.02 10

� 2

� 0.01 10

� 2

T able 5.6: Fit parameters for the lo w and high curren t in PETRA p ositron b eams.
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Figure 5.24: P ositron curren t during the measuremen ts at PETRA. Lo w curren t data

taking started with curren t of 7.5 mA and the high curren t data taking started with

40.5 mA.

5.6 Finding the Signal

Due to di�ering b eam orbits, the p ositron bunc h can mo v e b y a few mm at

the IP whereas the scanning range for the laser is limited to appro ximately 600

� m. The p ositron bunc h m ust th us b e steered with an orbit bump in order to

in tersect the laser b eam and, once the signal is obtained on the detector, the

PETRA orbit bump parameters are stored and the setting is �xed. Fig. 5.26

sho ws the oscilloscop e displa y when the in teraction o ccurs and when the laser is

o� (Fig. 5.25).
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Figure 5.25: Displa y of the oscilloscop e with the laser o� with c hannel 1 (C1) the

Q-switc h, C2 the signal from the photo dio de at the IP and C3 the calorimeter signal.

Figure 5.26: Displa y of the oscilloscop e with the laser on with C1 the Q-switc h, C2

the signal from the photo dio de at the IP and C3 the calorimeter signal.

5.7 Scanning with the Laser - Results at PE-

TRA

The p ositron orbit bump b eing �xed, the laser is then steered in 31.5 �m v ertical

steps at the IP b y tilting the mirror attac hed to the piezo actuator. 20 scan p oin ts

are tak en, eac h at a di�eren t p osition and eac h with at least 5000 bunc h crossings.
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One scan p oin t corresp onds appro ximately to 3 min utes of measuremen ts. The

sp ectrum of the measuremen ts is then recorded.

F ull scan measuremen ts w ere p erformed at PETRA for a 7 GeV p ositron

b eam, with t w o di�eren t curren ts as discussed in Sec. 5.5.5. Fig. 5.27 displa ys

the ra w ADC sp ectrum at eac h scan p oin t for lo w curren t and Fig. 5.28 the

sp ectrum for high curren t. They illustrate ho w the sp ectrum is mo di�ed with the

scan p osition of the laser. A p eak is observ ed in eac h plot corresp onding to the

p edestal, whic h is presen t ev en if no Compton photons reac h the detector. As

the laser is stepp ed across the p ositron bunc h, the n um b er of ev en ts with ADC

coun t higher than the p edestal increases to a maxim um and then decreases.

5.7.1 Preliminary Analysis

Preliminary studies on the scan results tak en at eac h p osition of the piezo-driv en

laser scanner are detailed b elo w. The study is �rst fo cused on the p edestal.

The p edestal o ccurs when the bunc h crossing at the IP triggers the ADC

reading and no energy is dep osited in the crystals. Only the electronic noise is

then recorded and app ears as a gaussian distributed sp ectrum due to statistical


uctuations.

Fig. 5.29 displa ys the ADC coun t of the p edestal for a t ypical scan p oin t

v ersus the ev en t n um b er. By dividing eac h scan p oin t in to samples of 500 ev en ts,

the mean v alue of the p edestal of the considered sample can b e obtained from a

gaussian �t to the p eak. The p edestal w as then substracted for eac h sample.

5.7.2 Energy Sp ectrum and Ev en t Selection - Scan

The con v ersion of the sp ectrum from ADC coun ts to energy sp ectrum is p er-

formed using the second test b eam calibration as discussed in Sec. 5.4.4 and

corresp onds to

E [GeV] =

ADC coun t � b

c

a

c

(5.12)
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Figure 5.27: Ra w sp ectrum for eac h scan p oin t for lo w curren t p ositron b eam.

with b

c

= b

v

=R

c

, a

c

= a

v

=R

c

and the slop e of the digital resp onse function

R

c

= 1 : 39 10

� 3

ADC coun t/V. Fig. 5.30 illustrates the result of the calibration

applied to t w o t ypical sp ectrums for high and lo w curren t. A cut on the p edestal

is applied at three sigma of the mean of its gaussian �t corresp onding to 20 MeV

appro ximately . All ev en ts with energies higher than the cut are accepted and

added to form the signal amplitude.
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Figure 5.28: Ra w sp ectrum for eac h scan p oin t for high curren t p ositron b eam.

5.8 Analysis

As discussed in Sec. 4.4, the amplitude of the signal v ersus the relativ e p osition

of b oth b eam forms a gaussian. The �t has to tak e in to accoun t the decrease

of the n um b er of electrons in the bunc h due to b eam lifetime, whic h follo ws an

exp onen tial slop e as discussed in Sec. 5.5.5. The �t using a gaussian function

added to an exp onen tial is giv en in T ab. 5.7. The p ositron bunc h v ertical size

can hence b e calculated using �

e

y

=

q

�

2

f it

� �

2

l aser

with �

l aser

= 35 � m.
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