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Resume

Le travail développé dans cette these concerne un type particulier de sources de
positrons utilisant le rayonnement de canalisation dans un cristal ainsi que d’autres
effets cristallins observes le long des axes du cristal ; ces effets produisent un
grand nombre de photons qui, a leur tour, génerent un grand nombre de paires
e+e- dans une cible amorphe. Les photons et les paires sont créés dans deux
cibles différentes séparées par une certaine distance permettant l'installation d’un
aimant pour dévier les particules chargées avant la cible amorphe. Une telle source
est appelée source hybride de positrons ; elle a été choisie par le CERN pour le
projet CLIC. Ce type de sources présente de réels avantages par rapport aux cibles
conventionnelles qui ont une grande emittance ainsi qu’un niveau important de
dépot d’énergie dans la cible.

Apres un rappel des phénomenes physiques qui concernent notre étude, des sim-
ulations détaillées utilisant d’une part le programme de V .Strakhovenko pour les
effets cristallins et d’autre part le code GEANT4 pour la génération des positrons
conduisent a une description complete pour les photons et les positrons avec, no-
tamment, les espaces de phase longitudinal et transverse, le spectre en énergie, la
distribution temporelle,.. Nous avons particulierement insiste sur deux points :
d’abord sur les dispositifs de capture des positrons apres la cible qui sont essen-
tiels pour avoir de bons rendements de positrons acceptes et ensuite sur la densité
de I'énergie déposée dans la cible qui représente un parametre important pour la
survie des cibles. En ce qui concerne le premier point, trois dispositifs de capture
ont été étudiés : le systéme adiabatique (AMD), le systeme quart d’onde (QWT)
et la lentille de lithium. Pour le deuxieme point qui concerne I’énergie déposée et
I’échauffement de la cible, on a cherché a optimiser la densité d’énergie déposée
en diminuant son maximum (PEDD) ; I’énergie moyenne déposée a aussi été op-
timisée en utilisant une solution spéciale pour le convertisseur : un convertisseur
granulaire forme de petites spheres, comme cela avait été considéré précédemment
pour les usines a neutrinos. Des résultats trés prometteurs nous ont conduits a



envisager la source hybride de positrons avec un convertisseur granulaire comme
une solution au difficile probleme d’ILC. Cette solution est étudiée moyennant
une transformation des impulsions du faisceau avant la cible, comme cela avait et
envisage par I’équipe du KEK. Le transport du faisceau de positrons au-dela du
solénoide a été étudié avec la premiere partie de 'optique quadrupolaire.

Keywords: positron source, channeling effect, crystal, ILC, granular target



Abstract

The research work carried out for this PhD is concerning a special kind of positron
source using channeling radiation and other crystal effects in an axially oriented
crystal to generate a high number of photons which create, subsequently, a large
number of pairs in an amorphous target. Photon generation and pair creation are
developing in two targets separated by some distance allowing a sweeping magnet
to get off the charged particles away from the amorphous converter. Such a scheme
is called a hybrid positron source and has been adopted for the CLIC baseline. This
kind of sources present big advantages with respect to the conventional sources
where large emittance and important heat deposition are met.

After some recall on the physical phenomena of interest for our study, detailed
simulations are worked out using a special program dealing with crystal effects
from Prof. Strakhovenko and the GEANT4 code; these tools led to a complete
description of the positron source concerning the photons from one side and the
positrons, from the other side, for which the main characteristics have been deter-
mined: transverse and longitudinal phase space, energy spectrum, time distribu-
tion,..Emphasis has been put on two points: first the matching devices capturing
the positrons after the target which are essential for good accepted yields and the
energy deposition density which is an important question for the reliability of the
targets. Concerning the former point, three matching devices have been studied
and their features compared: the Adiabatic Matching Device (AMD) largely used
or considered for the positron sources, the Quarter Wave Transformer (QWT) and
also the Lithium lens. For the latter point, related to the energy deposition and
heating of the targets, we have tried to optimize the energy deposition density
lowering its maximum value (PEDD); the average heat deposition has also been
optimized using special converter material in granular shape, as considered for
the neutrino factories. Very promising results allowed us to consider the hybrid
positron source as an alternative to the difficult case of ILC; a special scheme for
the transformation of the ILC beam pulses has been used, after KEK proposition.



The positron beam transport has also been studied in the first part of the positron
pre-accelerator including the solenoid and the first part of the quadrupole channel.

Keywords: positron source, channeling effect, crystal, ILC, granular target



Chapter 1

Introduction

In e-e+ Colliders, positron source is a very important part. Usually electron beams
are used to impinge on metals with high atomic number. The electron emits hard
photons in the electric field of nuclei, then the photons undergo materialization
which produces e+e- pairs. The positron beam coming out of the target has a
small size, a large transverse emittance which is due to the multiple scattering,
and a wide energy spectrum which is due to the wide energy spectrum of hard
photons and the energy dispersion of positrons, so a matching system is needed to
capture the e+.

In order to get high intense positron source, incident energy, intensity and
target thickness need to be increased. Although this will result in a very serious
problem, namely there are large amount of energy deposition in the target due
to the ionization process, consequently the energy deposition may meltdown the
target or provoke breakdown due to instantaneous heating as seen in the SLC
target[1].

One alternative solution is based on the channeling effect of GeV electron beams
impinging on axially oriented crystals[2, 3]. In channeling conditions: the incident
direction is aligned with the crystal rows, the electrons emit a large number of
photons which are more numerous than bremsstrahlung in an amorphous target of
the same thickness. The photons then create a large amount of e-e+ pairs. After
a proof of principle experiment worked out at Orsay, this method was carried
out twenty years ago by French teams of LAL-Orsay and IPN-Lyon, collaborating
with Russian teams from the Budker Institute of Novosibirsk[4, 5]. The electron
beam undergoing channeling effect in crystal target has been used in the WA 103
experiment at CERN and then at KEK with different experimental conditions|6,
7, 8]. Enhancement of positron yield was observed in both experiments. In the



KEKB linac the conventional target has been replaced by a crystal one[9].

In channeling conditions, the radiation length in a crystal is shorter than that
in an amorphous metal, so for the same positron yield, the crystal has a shorter
thickness than using the amorphous medium. The shortening of crystal thick-
ness will lead to a decreasing of energy deposited in the medium which has been
shown in simulations[10]. To strongly reduce the energy deposited in the target,
a hybrid system was proposed in which we separate the photon radiator and e-e+
converter[11]. A 1 or 2mm thick tungsten crystal target can be considered as
photon radiator, and a thick tungsten amorphous target could be selected as e-e+
converter. Photons coming from the crystal target will be sent to the amorphous
target, and charged particles from the crystal target will be swept off. Simula-
tions have been done and very good results have been got. The energy deposited
in the target is strongly reduced. A single hybrid system is workable instead of
using multi-target systems. This single hybrid system has been selected as the
unpolarized scheme in baseline of the CLIC collider.

But for the ILC, the incident beam intensity is very high, and the amorphous
target may still meltdown even using a hybrid system. Another technology should
be taken to resolve this problem. Here a solution is proposed, in which a granular
target is used to replace the compact amorphous target. The granular target,
composed of a lot of small spheres, is held by a container. The cooling gas flows
through the space between spheres and take off the energy deposited in the spheres.
This is based on the energy dissipation rate which is in proportion to the ratio
of Surface/Volume. For the small sphere the ratio is strongly larger than the
compact target, so the energy dissipation rate of the small sphere is more efficient
than the compact target and could be cooled very quickly. Some simulations and
calculations have been done and promising results have been got. Such solution
has been considered by P.Sievers for neutrino factory|[12]

This thesis will cover a detailed study on the hybrid system using compact and
granular amorphous targets. It mainly concerns the following parts, the theoreti-
cal description of physics processes in the crystal target and amorphous target, the
simulations done on the targets, the control of transverse and longitudinal emit-
tance, the heating problem and its solution for the amorphous target, the study
of the coulomb scattering of the incident electron beams on the crystal nuclei.

Chapter 3 - Simulations on the target: For the simulation on amorphous target,
we implement Geant4 code to simulate the propagation of particles in the target
with considering a large number of physical processes. Two types of targets have
been considered, compact and granular target. Two colliders cases are studied:
CLIC and ILC. Lots of data about the positron properties at the exit of the target
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are produced, for example, yield, energy spectrum, transverse dimension and mo-
mentum spectrum, emittance, etc. Comparisons between the two types of target
are shown, the target thickness is optimized. For the simulation on crystal tar-
get concerns the channeling effect and coherent bremsstrahlung, two programs are
used. The first is VMS[13] and the second is G4Fot[14]. A full comparison between
results from G4Fot and VMS is made for different cases. Three types of matching
system are introduced: Adiabatic Matching System, Quarter Wave Transformer
and Lithium Lens. The calculation is made by introducing the magnetic field in
Geant4. Full comparisons about the yield, energy spectrum, transverse dimension
and momentum, transverse emittance, bunch length and acceptance are shown.
The size of matching system, accelerator structure and their electromagnetic pa-
rameters are optimized to lower the emittance, energy dispersion and to enlarge
the yield.

Chapter 4 - Heating and cooling of the target: Energy deposition in granular
and compact target are studied. The total energy deposited in the amorphous
target and energy distribution are retrieved from our simulations. PEDD ( Peak
Energy Deposited Density ) has been calculated and compared with the maximum
tolerated value from the analysis of the SLC target. The incident beam size,
distance between crystal and amorphous target are optimized to reduce the PEDD.
A comparison about energy dissipation between granular and compact target is
done. The energy deposited in the container of granular target is also considered.
The shock wave effects due to the thermal gradient are studied and the size of
the spheres in the granular target is optimized. Finally a scheme of hybrid system
using amorphous granular target for ILC is proposed.

Chapter 5 - An application on ILC: A hybrid target scheme for ILC unpolarized
conventional positron source will be presented. This hybrid target is composed of
a crystal target, an amorphous target and a 2m long bending magnet between the
two targets which is used to sweep off the charged particles. The crystal target
thickness is Imm and it is optimized to 10.2mm for the amorphous target. Positron
features will be discussed at the exit of the granular target. A cooling scheme is
proposed for the granular target and crystal target. A container holds the crystal
target and helium is used for cooling. For amorphous target, a holder is used to
contain the amorphous spheres, where Be is chosen for upstream and downstream
windows and Ti for upper and lower windows, helium is used to cool the spheres.
The total energy deposition and PEDD in the crystal target, amorphous target
and its windows are calculated and the cooling efficiency will be discussed. A 50cm
long AMD and a 1m long accelerator are implemented after the granular target.
The yield, emittance and energy spectrum are calculated and will be discussed.

Chapter 6 - Control of emittance: Geant4d has some ability to simulate the
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propagation of particles in the electromagnetic field, but it is less appropriate to
work in a long length structure with electromagnetic field, so other program such
as Parmela is needed to simulate the transport of positron beam in the matching
system and accelerator. In this chapter an accelerator system will be shown which
can accelerate positrons to 300MeV. To capture more positrons the 1.3GHz L-
Band standing wave m mode cavity is used, where there are 8 cells per cavity.
The averaged electric gradient is 15MV /m. The phase of accelerator is optimized.
In order to control the positron beam, the accelerator is immersed in a solenoid,
whose magnetic field is 0.5T'esla. The yield, emittance and energy spectrum along
the accelerator system are presented and discussed.

12



Chapter 2

Physics

2.1 Electromagnetic interaction

High energy particles impinging on a target with a high atomic number can develop
a cascade shower. If an electron goes through the target, it will emit photon and
lose energy by collision. The incident trajectory will be deflected by scattering.
The secondary photons will participate in Compton scattering or pair production
and lose energy simultaneously. The charged secondary particles will repeat the
same process, etc... The process continues until all the energy is dissipated in the
target or the secondaries coming out of the target. The interactions in the cascade
are complex so we will only introduce the main processes concerning the positron
source.

According to the quantum electro-dynamics, all the electromagnetic interac-
tions should be described as processes of photon emission and absorption. How-
ever, it is hard to calculate in terms of more general electromagnetic field than
the relatively simple Coulomb forces acting between their charges. Usually one
proceeds by first computing the mechanical behavior of the particles concerned
without reference to emission or absorption of photons, and later introducing ra-
diation phenomena as a perturbation.

When charged particles traverse a medium, the interaction with matter can be
classified as three types according to the impact parameter to the nuclei: inter-
action with atom as a whole, interaction with an atomic electron and interaction
with the nucleus[15].

1. If the impact parameter is larger compared with the radius of the atoms, the

13



results is an excitation or an ionization.

2. If the impact parameter is of the order of the atomic dimensions, the inter-
action will involve the incident particle and one of the atomic e-. This will
results in an ejection of e- with considerable energy. We can neglect the ra-
diation but must consider the magnetic moments or spins of the interacting
particles. Usually this phenomena is called "collision process.”

3. If the impact parameter is smaller than the atomic radius. The passing
particles will be deflected and emit photons with a continuous frequency.
This is called Radiation or Bremsstrahlung.

Correspondingly, there are three types of interaction between photons and mat-
ter.

1. A photon interacting with an atom, which is the photo-electric effect.
2. A photon interacting with an atomic electron, which is the Compton effect.

3. A high energy photon interacting with the nucleus, which is the pair pro-
duction process.

Both the Compton effect and the pair production are quantum phenomena with-
out classical counterpart, and the quantum electrodynamics mechanic is needed
to explan these phenomena. According to the energy conservation the photon’s
energy must be larger than the sum of its secondary particle mass when it takes
part in pair production.

14



2.2 Photon generation

2.2.1 Bremsstrahlung

Incident electrons with high energy mainly lose energy by bremsstrahlung because
of its small mass. In this process the incident electrons are accelerated and then
the photons are emitted in the electric field of nuclei. The emitted photons have
a continuous spectrum.

To describe the bremsstrahlung, we shall use the method of virtual photons de-
veloped, independently, by E.Fermi (1924) and C.Weiszacker, E.Williams (1934)[16].
In each collision, we define an incident particle and a target-system. Here, we con-
sider a nucleus accompanied by its cloud of virtual photons, corresponding to its
Coulomb field, incident on the electron-fixed target. We expect, then, Compton
scattering between the photons cloud and the electron. The sketch of the inter-
action is presented on Fig. 2.1. This description follows closely that of E.Fermi.

]

Electron Frame

Lab. Frame b %
> < Ze
b ﬁ

Ze
(@) (b)

®
\
4

]

Figure 2.1: Bremsstrahlung: sketch of the interaction

Consider an electron with velocity of v ~ ¢ passing a nucleus. From the rest
frame of incident electron, the nucleus moves towards the electron with velocity of
v. The peak electric field F of nucleus is contracted in the direction of motion, the
associated magnetic field B is perpendicular to F and has the same magnitude as
E because of Lorentz transform. It looks like a plane electromagnetic wave which
represent the virtual photons and moving toward the electron. The virtual photons
suffer Compton scattering by the incident e-. The scattered quanta appears as
bremsstrahlung emitted by the incident electron when viewed from the laboratory
frame.
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Assuming that the distance between the primary particle and the nuclei is larger
than the nuclear radius, the nucleus can be treated as a point charge. Symbol with
asterisk indicates it is a quantity in electron frame.

The electric field of the nuclei in the laboratory frame is

Ze
T2

where b is the impact parameter, Z is the atomic number and symbol | means
the quantity is perpendicular to v. Transfer to electron frame:

E, (2.1)

Bl =FE,y, H,=FE fy (2.2)

H7 is the magnetic field in the direction perpendicular to v and E*. In the
relativistic condition, 5 ~ 1, so E7 = Hj, we have a plane wave. The electromag-
netic field in electron frame is concentrated in the time interval: t.; = b/vc. The
dependence of E and H on time can be approximated by Gaussian distribution
with a width b/~c.

Z
B — H* — 7b2€e—c2'y2t2/2b2 (23)

The Fourier transform is also a Gaussian with a width ~v¢/b, we can also approxi-
mate it by a rectangle with a width ~yc/b.

The electromagnetic energy per unit volume is given by
E*2+H*2 N 2262’}/2
8 b

The photon cloud pancake has a time width of b/~¢ which corresponds to a length
of b/, so the energy per unit area is

(2.4)

2262’72 b N 2262’}/

T (2.5)

As said before, the Fourier transform is a Gaussian with a width ~vc¢/b, can
be approximated by a rectangle of width y¢/b and has an upper limit frequency

*

V.. = vc/b. Under such an assumption the energy per unit area given by Eq.

(2.5) is distributed over the rectangle frequency spectrum. So the total number of
photons corresponding to the energy per unit area at a distance b can be given by

Z2 2 1 Z2 2
ey _ Zrey b (2.6)
b3 hur b3  hyc

max
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Figure 2.2: Electromagnetic pulse in the electron frame and its Fourier transform:
(a) pulse, (b) spectrum

So the number of photons with a frequency v* in the interval Av* and at a distance
b is proportional to Av*/v*

Z%e%y b Av*

b  ~c hv*

(2.7)

This equation is valid only when Av* < ~¢/b. The mean number of scattered
photons of frequency v at a distance b is
Z%e% Av*

or X (photon density per area with frequency v*) = 2 or (2.8)
c v*

where or is the cross section of Compton scattering.

The total cross section per nucleus be > (v*)Av* which equal to the integral
of Eq. (2.8) over the area of the photon cloud.

o . At Z%e? [ 27mbdb
S war = 26, 2 / L (2.9)
7262 AV* bias
In

he v* bimin

(2.10)

The integration range byq. = ag/Z'/? ( ag is the Bohr radius ), by = Ae (Compton
electron wavelength ) and op = 87/3r2. Finally the following result can be given

17



when return to laboratory frame and take into account the neglected numeric
factors

Av 183
2 2
E (v)Av = 1372 riln A (2.11)

where r, is the electron radius.

The total energy lost to photons of frequency v per path length dz is

(photon energy) x (nuclei density) x (Z(V)AI/) X dx (2.12)

The integration of the frequency v gives the total average energy loss per path
length dz by incident electron

dE , N , 183
_ (%> = F47 Erelnzl/g (213)

where E = hy,q,, which is electron energy, N is nuclei density. From Eq. (2.13)
it can be seen the radiation loss is proportional to the incident energy and the
square of atomic number. So in order to get more photons it needs to increase the
incident energy and use high atomic number material.

Define radiation length X

1 N
= 4—7%2%n (1832713 2.14
X, 137 n (1832717) (2.14)

So the radiation loss evolution is
E = Eype™! (2.15)

where t = z/Xy. The Eq. (2.15) means the radiation loss is the same for all
material if in terms of radiation length.

However, the above calculation does not consider the effect of atomic electrons
on the nuclei, screen effect. Screen effect is an important factor in bremsstrahlung
where the nuclei electric field is screened by atomic electrons, which can reduce
the interaction force and is not negligible in high energy region. The screen effect
can be described as below[15, 17]:

2
¢ = 100 UC 1f Z-13 (2.16)

where U = E + m,c? is the total energy of incident electron, p = E' /U, E is
energy of emitted photon. The smaller £, the greater screening effect. For high
incident energy where £ ~ 0 we can treat it as complete screening.

18



In the complete screening case, the differential radiation probability per path
length dx is given by[15]
for mec? < U < 13Tm c2Z~1/3:

dFE N 2F 1
— <—> =477 r2Eln [ — —] (2.17)
dx ) .4 m

for U > 13Tm.c>Z~1/3:

dE N 1
— = — 472 2 | In(18327V3) + — 2.1
(m)md 137A ' [”( 83270+ 15 (2.18)

12 I . x l\ | —
1.0 S ________ | g
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: : :: “““—-‘,., : B
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3T
y

0 |
4] Gl oz 0.3 04 05 06 oy D8 09

v=E/U —

EIqutE,EIJ . -
— 1

Figure 2.3: Differential radiation probability per radiation length of lead for elec-
trons of various energy[15].

Comparing Eq. (2.18) and Eq. (2.13), there is a difference of one factor.
Introduce the average fractional energy loss per radiation length.

1dE dE Xo
—_—— == — 2.1
U dt (dx)md U (2.19)
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where t = 2/ X.

In complete screening case, the the average fractional energy loss has the fol-
lowing value:

1dE

G =140 (2.20)
where b = 1/[18In(183Z~'/3)]. b slightly depends on Z, atomic number. From Fig.
2.4 it shows that the fractional energy loss by collision decreases as the incident
energy increases, but increases by radiation loss as the incident energy increases.
For Lead with an incident energy of about 10MeV the fractional energy loss by

the collision is equal to the radiation. This defines a quantity, critical energy.

2.2.2 Synchrotron radiation

High intensity positron sources with polarization are needed in future colliders.
One solution is to use circularly polarized photons produced in a helical undulator
by high energy non-polarized electrons. This system can produce large amount
of photons and has a lower thermal deposition in the e-e4+ converter because the
electrons do not impinge on the converter.

Figure 2.5: A model helical undulator, where A is the period length, ry the inner
radius of the coil, a and b the coil dimension, and j the coil current density. The
empty "air space” between the coils may be replaced with high-permeability steel
poles.[18§]

Undulator is an insertion device which consists of a periodic structure of dipole
magnets. The static magnetic field is alternating along the length of the undula-
tor with a period \,. Helical undulators are made of a double-helix-wound bifilar

20
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Figure 2.4: Fractional energy loss by collision and radiation for electrons in air
and lead[15].
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currents with opposite direction around a tube[19]. The currents produce trans-
verse periodic helical magnetic field of constant magnitude. Electrons traversing
the periodic magnet will undergo oscillation and emit photons. The orbit of the
electrons in the helical magnetic field B is a helix having the same period A, as
the field. The radius is:

~1/2
Ao\ Ao\
b=|—) pl|l—|— (2.21)
2mp 27mp
where p = vfmc?/eB, 3 and v are the normalized velocity and energy.

Synchrotron radiation with circular polarization is emitted in a conical angle
0 ~ 1/~ around the electron motion direction. Electrons with very high energy
and large number of periods in the undulator will produce photons with a narrow
spectrum. The wavelength is

A
=2 (14 K? 2.22
A= (1) (2.22)
and \ B
wE€
K = 2.23
2mme ( )

For K << 1, the oscillation amplitude of the motion is small and the in-
terference pattern occurs, which leads to a narrow energy bands. If K >> 1,
the oscillation amplitude is larger and the radiation from different period is non-
correlated, which leads to a broad energy spectrum. In the second case it is a
wiggler.

The energy bandwidth for the photons is ~ 1/N and depends on the angular
divergence of the electron beam which must be less than:

Oz = [v\/ﬁ]_l (2.24)

From Eq. (2.22) we can calculate the peak energy of the photons:

4mhery?
- 2.25
TN (1 + K2) (2.25)
and the peak energy is obtained when K =1
2mhey?
B, = WAW (2.26)
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The rate of energy loss by radiation is

2 rec

= S P 2:27)

where F'| = ecB and F is the energy of electron. So the total radiated energy of
an electron is

8 K?N
AW = —7T2remc27 (2.28)
3 Aw
The number of radiated photons is:
2
N, = gﬂaKQ (1+K?*) N (2.29)
where a = 1/137 is the fine structure number. Here we can see the yield of

photon depends on K and N. An electron of 100GeV going through a 100m long
undulator with a period of 1em will produce 250 photons with energy of 5.3MeV

2.2.3 Compton scattering

Compton effect process occurs when the photon collides with rest electron and
transfers some energy to electron. If the electron motion is in relativistic region,
the photon will gain energy and the electron will loose energy. This is called
Compton back-scattering or inverse-Compton scattering. A scheme based on this
phenomenon was proposed as a solution for ILC polarized positron source[20]. A 1
to 2 GeV electron beam collides with a laser beam in visible or infrared light. The
laser is circularly polarized, then the produced photons by Compton scattering are
also circularly polarized. Photons have tens of MeV energy. Then photons are
sent to thin e-e+ pair converter. Finally lots of longitudinally polarized e-e+ pairs
are obtained.

It’s convenient to calculate in the electron rest frame. In this frame, the laser
photon energy has an increase by 7. According to the conservation of energy and
momenta, we have

/

Ee p— EphOtOTL - Ephoton ‘I— EO (230)

/

Pe:Pphoton_P

photon

(2.31)

where E, and E, correspond to final and initial energies of electron. Eppot0n and

E];hoton are the initial and final photon energies. P, is final electron momentum.

P, photon and

/

hoton, aT€ initial and final photon momentum.
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Add the conservation of relativistic invariant:
(E/c)* — P* = mic? (2.32)
We get the wavelength shift:
AN = A [1 — cost] (2.33)

where ). is the Compton wavelength of electron and 6 is the angle of the scattered
photon with respect to the initial direction.

Coming back to the laboratory frame, the photon frequency will be significantly
increased because of Doppler shift. The angular distribution will be concentrated
in a small angle, ~ 1/7. The energy of the Compton photon produced in laser and
electron interaction is:

B (1 — Beosby)w;
1 — Beosh + [1 — cos(0 — 0,)|w, /E

%)

(2.34)

where w; and wy are energies for laser and Compton photon. E is electron energy.

For high F taking the first approximation we have 8 = 1 —1/2v%. For small 6,
cos) = 1 — 0%/2. Considering head-on collision, complete back scattering, where
0, = m, insert above approximation we have

(2 — L) w
272 1
(2.35)
#4—%4— [2— %]LM/E

Wy =

Neglect small quantities,

_ 4y%w
T 1+9262 + 492w, /E

W9 (236)
We can see that the Compton photon energy is depending on the scattered angle
and electron energy. For smaller scattered angle we have larger energy of the
Compton photon.

Figure 2.6 shows the energy spectrum of scattered photons from simulation
by CAIN. The laser wavelength is 1064nm, which means photon energy 1.164eV .
Energy of electron beam is 1.28GeV. Consider different incident angle 0°,12° and
90°. We can see that small incident angle can produce more photons with large
energy[21].

Figure 2.7 is the energy spectrum of produced photons. Where the incident
laser is totally right circular polarized. Laser wavelength is 1064nm and incident
electron energy is 1.28GeV .
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Figure 2.6: Spectrum for produced v in Compton back-scattering. Incident laser
wavelength: 1064nm. Incident electron energy: 1.28GeV.[21]
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Figure 2.7: Spectrum for produced v in Compton back-scattering with right polar-

ized laser. Incident laser wavelength: 1064nm. Incident electron energy: 1.28GeV .
R means right polarization, L. means left polarization.[21]
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2.2.4 Channeling radiation

In crystals, regular arrangement of atoms constitute a lattice which behaves roughly
like a wiggler[22]. When charged particles are incident on a crystal oriented to
low-index crystallographic direction, that is, close to low-index axes and planes,
collective and coherent effects are expected with respect to amorphous target. In
the interaction with crystal the charged particles which are completely governed
by many correlated collisions with lattice atoms are channeled.

Figure 2.8: Axial channeling demonstration

In axial channeling, the particles will develop a quasi periodic trajectory around
the atomic strings what is so called "rosette motion”, in which the particles
are running nearly parallel to the atomic string in z direction under the first
approximation[23]. It can be approximated by distributing the atomic charges
uniformly along the string direction. The interaction with atomic string can be
treated as the movement in an averaged potential.

Let V(7.) be the averaged transverse potential

_ 1 [
where d is the space between atoms on the string. The transverse energy,
1
Ep = §Ev% + U (7)) (2.38)
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where U(7.) = eV(F.); 7 is a radius-vector; vy = P, /E is the angle of the
trajectory with the propagation axis.

If Er > 0 the atomic string can not capture the charged particles[23]. This
determines the channeling condition £ < 0, which gives the critical angle

[2U,
Ye = = (2.39)

where Uy is the depth of the potential well.
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Figure 2.9: Photon spectrum from e- beam impinging on tungsten crystal(with
<111> direction) and amorphous target. Incident energy: 10GeV. Incident num-
ber: 5000. Target thickness: 1mm

In the rosette motion of charged particles, the electrons will radiate. The
collective and coherent effects will appear because of the regular structure of the
target, more photons will be emitted compared with amorphous target. Because
of the very strong fields and very short periods of channeling which present a few
thousand inter-atomic distance, the emitted photon has a frequency much higher
than a normal magnetic wiggler with the same incident electrons. The frequency
can be written as

w=2v*AFEp (2.40)

where 7 is the Lorentz factor, AEr is a few eV which is the transverse energy loss
between channeled states. As the charged particles energy increase, the potential
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well is deeper, in the electron frame, by the factor v because of relativistic effect
which encrease the frequency of emitted photon[22].

Figure 2.9 shows a spectrum comparison of radiated photons between amor-
phous and crystal target under the same thickness. It can be seen that the yield
for the crystal is higher than amorphous with a high amount of soft photons. This
is because in channeling effect, the electron encounters a sequence of soft colli-
sions with atomic string in which large amount of soft photon are radiated. It
can be illustrated by saying that the average radius of curvature of the electron
trajectory near an individual atom has a small curvature radius, whereas with
channeling condition in a crystal the electron trajectory influenced by N nuclei has
much larger curvature radius and as in synchrotron radiation, large radius leads to
softer photons. While in the amorphous target the random arrangement of atoms
make the electrons have a high possibility of encountering individual atoms with
a small impact parameter. So the photons in amorphous are more harder than in
crystal.

As the collective effect, the number of radiated photons is considerably N times
higher with respect to an amorphous target, where N represents the number of
atoms within "coherent length™:

E(F —w)

o (2.41)

lcah =

When the incident angle is much higher than critical angle, another phenom-
ena may happen: coherent bremsstrahlung, in which the incident particles cross
regularly planes or strings of atoms. Because of the regular structure of crystal,
oscillations with interference effects occur(see Fig. 2.10).

2.3 Schemes for polarized photons

2.3.1 Helical undulator scheme

Figure 2.11 is the layout for the helical undulator. The 150 GeV electron main linac
beams passes through a long helical undulator to generate a multi-MeV photon
beam. The photon beam impinging on a thin metal target to generate positrons
in an electromagnetic shower. The positrons are captured, accelerated and trans-
ported to the Damping Ring[24].

The helical undulator for ILC must be superconducting to achieve the required
parameters of high field. The Undulator period is 11.5mm. Two interleaved helical

28



Figure 2.10: Coherent bremsstrahlung in crystal medium.

windings of NbTi spaced half a period apart generate the transverse helical field
what is 0.867". The active undulator length is 147m long which is constituted
by forty-two 4m long cryomodule, each cryomudule has an active length of 3.5m.
Injecting an electron beam with energy of 150GV will produce photon beam with
circular polarization. The first harmonic of the photon spectrum is 10MeV and
the photon beam power is 131kW.

The undulator vacuum chamber has a nominal inner diameter of 5.85mm and is
made of copper. The supper conductivity of copper at cryogenic temperatures will
mitigate resistive wall effects.The material between the superconducting windings
is soft magnetic iron which can increase the field. Each cryomodule contains a
liquid helium bath. In-situ cryocoolers are used to achieve zero liquid boil off.

2.3.2 Compton back-scattering scheme

GeV electron collides with circularly polarized laser beam can produce MeV pho-
tons. This is based on Inverse Compton scattering. Fig. 2.12 shows the KEK-ATF
demonstration. It is consisted by the injection linac and equipped with a photo-
cathode RF gun, a damping ring and an extraction line[25]. The energy of electron
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Figure 2.11: Overall layout of the Positron Source using undulator|[24]

beam is 1.28GeV. The circumference of the damping ring is about 140 m.

In order to increase the laser power, a laser pulse stacking system with the
optical resonant cavity is needed. The laser oscillator produces laser pulses of 28
nJ/pulse with a repetition rate of 375M Hz. The wavelength is 1064nm and pulse
width is 4ps. The optical resonant cavity is a Fabry-Perot cavity with spherical
mirrors of 99.6% reflectivity and 210.5mm curvature at both ends.

The optical resonant cavity is designed to stack power by about thousand times
and to focus the laser pulses by the spherical mirrors. The waist size of the laser
at the focus point inside the cavity is about 30um. The optical resonant cavity for
laser-Compton scattering is installed on movable table to make sure that the laser
position can be moved with respect to the electron beam. The accuracies are 0.8
and 4 um in vertical and horizontal directions.

The electron beam and laser pulses will be synchronized to collide with an angle
of 8 degree. MeV photons with circular polarization will be produced because of
Compton back scattering.

2.3.3 Polarized bremsstrahlung scheme

Future high energy e-e+ colliders need high luminosity and physics capability. High
luminosity requires low beam emittance and using polarized beam can expand the
physics capabilities.

The production of polarized electrons is well understood. A photo-emission
in a semiconductor photocathode like AsGa can produce an electron beam with
a degree of 75 — 80% for longitudinally polarization. However the production of
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intense polarized positron beam need more significant R&D yet.

Another scheme for the polarized photon is using low energy polarized electron
beam to strike a thin metal target[26]. As V.M.Straknovenko mentioned, when
circularly polarized photon passing through the converter, the produced positrons
may depolarize mainly due to three effects:

1. Bremsstrahlung effect;
2. Bhabha scattering on the target electrons;

3. Multiple scattering in the Coulomb field of nuclei.

To limit the depolarization, a low energy(~ 50MeV') electron beam with longitu-
dinal polarization is used to impinge on thin target~ 0.2X,. The low energy of in-
cident particles and thin target thickness can limit the depolarization of positrons.
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Figure 2.13: Circular polarization for the produced photons. Incidence: electron.
Incident energy: 50MeV. Incident number: 1 million. Converter: tungsten.
Target thickness: 0.2X,. Left: Monte-carlo results. Right: numeric result from
Potylitsin[26].

Here we give some simulation results about this scheme (see Figs. 2.13 and
2.14). An electron beam with totally longitudinal polarization impinging on a
0.2Xy thickness tungsten amorphous target. The incident energy is 50M eV which
will reduce the depolarization from bremsstrahlung. The thin target thickness
can control the scattering times also. The Fig. 2.13 and 2.14 show the circular
polarization for produced photons and longitudinal polarization for positrons.

For produced positrons, the total yield is 0.95(N¢"/N¢~), which means longi-
tudinal polarization is 0.28. For photons, the mean circular polarization is 0.15.
Our results agree well with numeric calculation from A.P Potylitsin.

32



250

0.2% 1.00

- I’L‘\‘ P - <Cr+>
200 © devgag | 080
{06 \ e
| = Ll
I=] \ A .
| 5% = 0 15 \ i ! 060
150 i B \ P
% Energy spectrum % X l it}
e 5 == 10 5 L
b-d i Longitude polarization 0:2 .% 0.10 . N o r
- © k ~
100 1o =2 -
2 005 - . - 020
1 S ,'/ \\_ 1
& {02 47 e— l
T My v ool —— o
B VT ' ; ‘
o] | i nimn
0 h i t t 4 . i -0.6 "}““" T Y T T -0 20
0 5 10 15 20 25 30 35 40 45 50 oo 0.2 o4 0B 08 10
Energy(MeV) w/E

Figure 2.14: longitudinal polarization for the produced positrons. Incidence: elec-
tron. Incident energy: 50MeV. Incident number: 1 million. Converter: tungsten.
Target thickness: 0.2X,. Left: Monte-carlo results. Right: numeric result from
Potylitsin[26].

2.4 Pair production

2.4.1 Pair production in amorphous medium

When a photon with enough high energy passes by nuclei, this photon may materi-
alise into an e-e+ pair. This process is called pair production, which is a quantum
phenomenon and does not have a classical description.

In order to describe the dynamics of relativistic electron, Dirac developed a
theory. According to his theory a free electron has energy ++/(mc?)2 + p2c2. If
the electron is at rest, we have £mc?. This solution permits negative values. It
looks strange, but Dirac predicted that there exists a type of particle with the
same properties as electron except inverse charge. The observation of positron(By
C.Anderson) proved Dirac’s prediction.

As pointed out by many authors, we can remark that if negative electrons
states exist, the Pauli Exclusion Principle requires that all the negative states be
filled. It would be, then, possible to imagine an infinite sea of negative energy
electrons. This sea is referred as the Dirac sea. If an impinging photon is giving
enough energy to an element of this negative energy sea, it would be allowed to
rise into the positive energy state (Fig. 2.15). It results a hole in the negative
energy sea. This hole corresponds to an absence of negative charge, henceforth,
it appears as positively charged. This hole has the same mass as the electron but
with positive charge.
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Because of energy and momentum conservation, pair production can only take
place when a photon passing the electric field of the nuclei. The electron and
positron has rest energy of m.c?. So according to the energy conservation, the

photon must have energy more than the sum of e-e+ pair: 1MeV'.

Figure 2.15: Excitation of electron from negative-energy state to positive-state by
high energy photon

Bethe-Heitler developed the cross section for pair production by a very high
energy photon passing a nucleus and taking into account the screening effect[17,
27):
for m.c* < E < 13Tm 2 Z~1/3:

Z? 5 (28, 2F 218
= i R — 2.42
Tpair = 137" ( 0 me 27 ) (2.42)
for £ > 13Tm.c*Z~1/3:
Z? 5 (28 183 2
Opair = E’]"e (Elnm — 2—7> (243)

Eqgs. (2.43) and (2.18) show that at very high energy region the cross section
of pair production is similar to bremsstrahlung.
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The pair production can be simply processed by Fermi’s treatment to the
bremsstrahlung (see §2.2.1) in which a fast electron scatter the virtual photons
of nuclei. Consider a very high energy photon passes near a nucleus. Transform
to a new frame where the nuclei move toward photon with a velocity very near c,
where the nuclei looks like a wave of photons. The incident photon in this frame
will reduce its frequency. The process can be simply treated as a collision between
incidence with virtual photons: (hv 4+ hv — e~ +e™).

For very high energy photons, the cross section can be approximated as

Z* ,28 183
Opair ~ T3=Te o N1 (2.44)
For pair production the mean free path can be defined:
1
I = 2.45
p Napair ( )

where N represents the nuclei density. The decrease of photon beam density is:

d d
am_ (2.46)
n Ly
Which give the solution
n = nge /b (2.47)
Comparing with radiation length Eq. (2.14), we find that
7
= 5Xo (2.48)

The bremsstrahlung and pair production are the main processes for a shower
phenomenon. The shower can be initiated by an electron or a photon. By a
photon for example, the photon disappears and an e-e+ pair will be created when
the photon pass by a nucleus. The high energy electron or positron emits photons,
then the photons creat e-e+ pair... As the process continue, the incident energy
soon dissipates among the secondaries, and the number of secondary particles
increase quickly. As the emitted photons have not enough energy to create e-e+
pair, the number of electron, positron and high energy photon decrease and all the
energy will dissipate in excitation and ionization of the atoms[15].

The exact process is very complex. Here are some results from Monte Carlo
simulation. The Fig. 2.16 is the total yield (Number of particles per incident
electron) of electrons and positrons in a shower initiated by 1000 electrons. The
material is tungsten, and the incident energy is 1GeV for the left figure and 10GeV
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Figure 2.16: The total yield of electrons and positrons in a shower initiated by 1000
electrons of energy FEj, substance tungsten. Abscissa: target thickness. Ordinate:

yield (N, /N,)
(S

W
LA L L L L B B B ) L L B ) N L R L B

OO

e- Energy: 1 GeV

—e-

— Q4

1
10 20 30 40 50
target thickness (mm)

w
o

25

20

N
o

yield (N_/N,)

w
o

r e- Energy: 10 GeV

N —e-

3 S
s
c-lIIIIIIIIIIIIIIIIIIIIIIIIII
0 10 20 30 40 50

target thickness (mm)

yield. Left Ey = 1GeV. Right Ey = 10GeV [Geant4|

Incident e- Energy: 1 GeV

10?

© prr

Figure 2.17: The spectrum of electrons and positrons at optimum thickness. Ab-

Incident e- Energy: 10 GeV

i electron positron
[ Entries 5101 Entries 3136
. Mean 25.28 | Mean 33.76

RMS 46.84|RMS 55.7

100 200 300 400 500 600 700 800
Energy (MeV)

electron positron
—e+ Entries 38433| Entries 25618
Mean  47.27|Mean 56.57
me RMS  108.3|RMS 121.6

0 1000

2000 3000 4000 5000

Energy (MeV)

scissa: Energy. Left: Fy = 1GeV. Right Fy = 10GeV



for right. It shows that the electron yield is larger than the positron yield with the
same condition. At beginning the yield increases as the thickness increases, then
after a maximum it deceasess. The optimum thickness is 12mm for left figure and
19mm for the right figure.

The shower optimum position can be calculated theoretically with some ap-
proximation, in which the Compton effect and the collision loss are neglected, the
asymptotic formulas for radiation and pair production are used. The results are:
Primary electron of energy FEy[15]

E
Ty ™ (Ey, 0) = 1.01 [lng—o - 1] (2.49)
0

Primary photon of energy Ej

E, 1
Ty (Ey, 0) = 1.01 {zng—oo - 5} (2.50)

gg is the critical energy, which is defined as the particle energy for which radiation
loss equals to the ionization loss.

2.4.2 Pair production in crystals at very high energy

Another pair production process occurs at very high photon energies with a very
small incidence angle on the crystal axis, which is different from the classical one
described by Bethe-Heitler. Such a process becomes important enough at multi-
GeV energies and high crystal fields. The threshold of the pair production becomes
more important than the Bethe-Heitler previsions, which is defined by:

m3ctpd

_ micpa 251
YT T Za (2.51)

where w is the incident photon frequency; p is the thermal vibration amplitude
; d is the interatomic distance; h = h/2m; h is the Planck constant; Z is the atomic
number and « is the fine structure constant.

This threshold depends on the crystal structure and makes materials with
large Z and small p (cooled materials) becomes more interesting. As an example,
the tungsten crystal has a threshold of 13 GeV at 100°C and 20 GeV at room
temperature; whereas the Germanium crystal has a threshold of 50 GeV at 100°C'
and 100 GeV at room temperature [28]. An experiment made at CERN with a
germanium crystal aligned on its <110> axis and cooled at 100° K confirmed

37



the threshold value and the enhancement on pair production. That enhancement
represented about one order of magnitude with respect to Bethe-Heitler value with
a photon beam of 150 GeV/[29].

2.5 Ionization

Charged particles moving through matter lose energy by interactions with atomic
electrons, in which the atomic electrons will acquire some energy and be raised
to high level states. If the final state is a continuum level it is an ionization
process, Otherwise it is an excitation process. Here "ionization” refers to both of
the erocssses. lonization loss in target is harmful, and it will heat the target and
induces the shock wave which may destroy the target. It’s a key problem in high
intensity positron source.

To calculate the ionization loss by a heavier particle of charge ze propagating
through a medium, first assume the incident particles do not change its movement
direction. Consider the atomic electrons as free and at rest, the collision as lasting
such a short time that the electron acquires an impulse without changing its po-
sition during the collision[30]. By this hypothesis the energy loss per path length
is:

= 2.52
dx muv? bin ( )
where N is the electron density, b4, is the maximum impact parameter and b,,;,
is the minimum impact parameter, m and v correspond to the incident mass and
velocity.

If the incident particles are electrons, the situation is complicated and the
previous assumption is invalid. There are mainly two reasons. The first one
is the trajectory change of the incident electron is not negligible when collides
with atomic electrons. Because the incident electron will acquire a transverse
momentum which is equal to the ejected electron. The second one is for the
collision between identical particles the exchange phenomena will occur and should
be taken into account. Bethe and Ashkin derived the equations of collision loss by
electrons, which gives[30]:

For non-relativistic electron the energy loss per path length dx is:

1 1
52+ 5) (2.53)

dE  4me*N ( mu?
= n

Cdr a2 21
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For high relativistic velocities the energy loss of electrons is

dE  4me'N mc* 3 12 1 1
= l ——in(1-p%)"" - 21 — 2.54
5 <n2] 2n( 5%) 2n8+16> (2.54)
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g 40—
£ F — 10 GeV
> 35__
= — 1 GeV
£ il
£ 30
5 =
e -
c 25—
S =
3 =
g 20
S =
° -
> -
> 15—
S =
] -
w -
10—
5__
% 10 20 30 40 50

thickness (mm)

Figure 2.18: Energy deposition per mm for electrons impinging on amorphous
tungsten, two kinds of energy are used: 1GeV and 10GeV. Abscissa: target
thickness (mm). Ordinate: Energy deposition per incident e- per mm.

From the above two formulas, in the non-relativistic region the ionization loss
decreases quickly as the incident energy increases. Because it is approximately
proportional to 1/mwv?. In relativistic condition the energy loss increases slowly
as the incident energy increases. There are two aspects: The increase of b,,,, and
decrease of b,,;,. The first is, in quantum theory, the perturbation must be small
during the periods b/v < 7 = 1/v which determines b, = v/v. Where v is an
appropriate average of the frequencies of the atom. When incident electron energy
increases, the maximum impact parameter increases as by, = v/0(1—3%)/2. The
second point, in quantum mechanics the minimum impact parameter should be
less than de Broglie wavelength of particles. As energy increases, the de Broglie
wavelength of incident particle decreases, so the minimum impact parameter de-
creases.

Figure 2.18 shows the energy deposition per incidence per mm with 1000 elec-
trons impinging on a tungsten target. The incident energy of 1GeV and 10GeV
are considered. Figure shows that, at first the radiation loss is dominant as par-
ticles’ average energy is high. Then with thickness increases, the average energy
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decreases so the collision loss become dominant gradually. Here we can define the
critical energy £o[15]: particles with the energy ey that the radiation loss per ra-
diation length is equal to the collision loss per radiation length. £y is the solution
of the following equation. For tungsten, ¢y has a value of ~ 8MeV .

@@, e

where t = /X, is in terms of radiation length X.

2.6 Coulomb scattering on crystal nuclei

The reliability of the crystal sources is based on their long-term resistance to
radiation damages. The main source of damage is Coulomb scattering of the
beam on the nuclei of the crystal, where fast charged particles may have elastic
collisions with the nuclei of the crystal. For the nucleus with certain levels of the
recoil energy , the latter may be dislodged from its lattice site or can initiate a
cascade of displacements among the neighbouring atoms.

The recoil energy transfered to the nucleus is writen as:

2

-

2M
where () is the transfer momentum, M is the mass of the nucleus. Take tungsten
as an example, if the recoil energy T is above some threshold E,;, about 25 eV,
the nucleus will be dislodged from its lattice site[31]. If T > 2E,, the dislodged
nucleus can initiate a cascade of dispalcements among the neighbouring atoms.

The primary displacement cross section is given by/[3]:

(2.56)

2

~ AE,
where A and Z are the atomic mass and number. The average number of dislodged
atoms per primary displaced ones is defined as[3, 31]:

7 =1+ 0.5In(L./2Ey) (2.58)

04 1.431 x 10~ %2cm? (2.57)

where L. = A x 1keV, A is the atomic mass of the nucleus.

Degradation of channeling properties of the crystal has been estimated for a
fraction of dislodged atoms(~ 1%). This corresponds to the probability of nuclear
interaction in our crystal. In that case the critical fluence scales from 10! to 102!
cm~? depending on the crystal, and the most intersting crystal is diamond.
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Chapter 3

Simulation

This chapter will discuss two subjects. One is a benchmark for the Geant4 Simula-
tion, where different incidence, incident energy and target material are considered;
Yield, polarization of produced e+, total energy deposition and PEDD will be pre-
sented. The other is the simulation of the positron source, where a hybrid target
system is to be presented. The choice of two amorphous target, compact target
and granular target, is discussed. Three types of capture will be talked: AMD,
QWT and Lithium lens. Some comparison are made. Average heating and PEDD
are also discussed. Granular target cooling, examples about ILC case and CLIC
case are presented.

3.1 Benchmark of Geant4 simulation

The program used in simulation of positron source is written in C++ and Geant4
Toolkit[32]. In order to have a common basis for the simulation and check the
program, lots of simulations have been made. The Geant4 simulation tests agree
well with EGS code[33]. In these tests, electron and v are considered as incident
beam with or without polarization. RMS of 1 mm and 2.5 mm are considered as
transverse incident dimension. The incidences are mono-energetic and the follow-
ing values are used: 100 MeV, 200 MeV, 300 MeV, 1 GeV, 5 GeV and 10 GeV. Two
metals are chosen as the target material: tungsten and titanium. Target thickness
is from 0.4 to 4 X, eight values are used. The transverse sizes of the target in x
and y are 2 cm. The cell volume for counting energy deposition density is 1mm?
for titanium and 0.7mm? for tungsten. The cut-off energy is same for electron,
positron and photon: 1mm which is about 2MeV following Geant4 specification.
The incident particle number is 1000 for all the cases.
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Figure 3.1 shows the total positron yield from electron or photon incident on
a tungsten or titanium target. It shows that the yield increases with the target
thickness. For the same material and incident energy the difference of positron
yield between incident electron and photon is rather small. The total yield from
tungsten target is larger than the titanium target for the same incident energy and
incident particle.
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Figure 3.1: Total yield of positron

Figure 3.2 shows the total yield for electron and «. The incident particles are
electrons. The tungsten and titanium target are compared. The yields of electron
are similar but a little larger than the positron. With the same conditions the
yields for tungsten are larger than titanium target.

As the target thickness increases, the mean and rms values of the energy of
produced particles decrease. This is because as the thickness increases the charged
particles radiate and loose energy. The smaller energy of charged particle, the
smaller energy the radiated . This results in smaller energy for produced e-e+
pair. For the same material and incident energy, the incident photon produces
higher energy positron than incident electron. This is because energy of v ra-
diated by incident electron is sure smaller than incident ~ if the incident elec-

42



20

_300MeV |

T00MeV —— | ‘
18 r| 200MeV ——
—~ 16 || 300MeV ——
Z 1GeV ——
Zo 14 ¢ 5GeV ——
S 12f 10GeV =——
[0
2 10t
§ 8¢
8 67
[T 100MeV 200MeV
2 — — —
0 e
05 1 15 2 25

(a) Target: Tungsten. Produced par-

ticles: e-

300

Thickness(X0)

3.5

4

250

200

150 r

100 -

Photon yield (N/N;)

50

0

200MeV
300MeV

100MeV

1GeV
5GeV
10GeV

300MeV|

0.5

(c) Target: Tungsten. Produced par-

ticles: ~y

Figure 3.2: Total yield of electron

25
Thickness(X0)

3.5

4

1 . !
6 100MeV ———

14 | 200MeV ——
- 300MeV ——
Z 12| 1GeV —— ]
= 5GeV ——
< 10 [|_10GeV =—
k=]
.ﬂ_; 8
c
IS
8
T 4

2

o e— 7777300'\16V

0.5 1 1.5 2 25 3 3.5 4

Thickness(X0)

(b) Target: Titanium. Produced par-

ticles: e-
180 [ ‘ : : :
160 | 200MeV ———
300MeV ——
= 140 r1 7 iGeV ——
> 120 | 5GeV —— ]
£ 0 10GeV —
o 100 |
°
> 80 L
5
5 60
T 40
100MeV 200MeV  1GeV
20 |
Y ———————————
05 1 15 2 25 3 35 4

ticles:

43

Thickness(X0)

(d) Target: Titanium. Produced par-

and . Incident particles: electron



tron and ~ have the same energy. So the secondaries of e-e+ pairs produced
by the incident electron have a smaller energy than incident ~ case. Tabs.3.1-
3.4 list the mean and rms values for produced positrons. Two types of inci-
dent particle(electron and photon) are used to impinge on a tungsten target.

Table 3.1: Mean Energy for produced positrons. Target material: Tungsten. In-
cidence: e-. Incident size: 2.5 mm. Energy unit: MeV. Target thickness unit:
Xo

Thickness(X;) 100MeV 200MeV 300MeV 1GeV 5GeV 10GeV

0.4 20.15 29.81 41.17 118.04 384.29  752.67
1.0 18.04 30.83 4221 8514 237.83  420.62
1.4 15.13 27.29 34.55  73.38 198.03  330.42
2.0 16.47 21.34 29.11 6141 159.46  225.08
24 15.66 21.66 26.69 53.59 123.76  185.11
3.0 14.06 24.01 24.81 4717  95.62  133.42
3.4 12.87 19.54 22.84 4457 8313 116.04
4.0 12.66 19.36 22.76  37.38  70.57 94.83

Table 3.2: RMS of Energy for produced positrons. Target material: Tungsten.
Incidence: e-. Incident size: 2.5 mm. Energy unit: MeV. Target thickness unit:
Xo

Thickness(X;) 100MeV 200MeV 300MeV 1GeV 5GeV 10GeV

0.4 17.29 30.73 41.94 16295 688.01 1441.28
1.0 13.89 27.84 41.72  120.05 442.73  856.98
14 11.95 26.02 35.61 101.57 387.57  697.39
2.0 14.13 19.76 29.62  89.24 330.99  531.57
24 11.99 18.38 28.29 77.36 249.56  454.42
3.0 13.32 23.83 2497 63.21 203.3 317.21
3.4 10.12 18.41 24.05 65.21 173.76  293.88
4.0 9.81 21.36 24.84 60.81 162.14  234.46

The polarization of the incidences are set to be totally longitudinal(parallel)
for the electrons and totally circular(right) for the photons. Fig. 3.3 shows the
polarization for produced particles, where the target material is tungsten and
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Table 3.3: Mean Energy for produced positrons. Target material: Tungsten. In-
cidence: 7. Incident size: 2.5 mm. Energy unit: MeV. Target thickness unit:

Xo
Thickness(X;) 100MeV 200MeV 300MeV 1GeV 5GeV 10GeV
0.4 44.46 87.72 132.22  360.98 1690.05  3542.4
1.0 35.01 67.47 93.73 233.57 836.67 1478.32
1.4 30.21 57.83 74.66 181.45 555.04  871.95
2.0 28.76 45.85 58.95 112.15  302.78  498.02
2.4 27.07 39.65 48.88  93.33  229.68  355.73
3.0 24.45 33.07 4144 7194 16235  231.55
3.4 24.99 33.91 38.58  67.15 12529  191.31
4.0 24.58 29.22 35.73  51.65 102.08  135.07

Table 3.4: RMS of Energy for produced positrons. Target material: Tungsten.
Incidence: . Incident size: 2.5 mm. FEnergy unit: MeV. Target thickness unit:

Xo
Thickness(X;) 100MeV 200MeV 300MeV 1GeV 5GeV 10GeV
1.0 23.04 49.19 76.45 24348 1170.18 2263.37
1.4 21.87 46.06 69.34 214.37  939.24 1664.27
2.0 21.95 42.14 59.51 162.41  634.05 1157.79
24 22.09 37.16 52.4 144.62 503.65  938.28
3.0 19.18 34.54 49.18 116.43  397.07  641.84
3.4 20.28 35.08 4718 111.92 32595  611.12
4.0 21.12 31.01 46.14 8598  246.04  403.35
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incidences are electron or photon. It shows that as the target thickness increases
the mean polarization decreases if other conditions are fixed. This is because as the
thickness increases the bremsstrahlung and multiple scattering processes will lead
to depolarization. With the incident energy increases, the average polarization of
the produced particles decreases. This is due to the fact that high energy particle
has a higher possibility to encounter bremsstrahlung. To control the polarization
of produced particles, we should limit the target thickness and use low energy
incidences.
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Figure 3.4 shows the total energy deposition in different targets using differ-
ent incidences and incident energies. If other conditions are the same, the energy
deposition in the tungsten target is less than that in the titanium target. This
is because the critical energy of titanium(~ 26MeV) is larger than tungsten(~
8MeV). The charged particles with energy between the critical energy of titanium
and the critical energy of tungsten will tend to radiate photon in tungsten target
but encounter more ionization in titanium target. This will lead to a higher en-
ergy deposition in titanium target than in tungsten target. For the same target
and incident energy, the energy deposition for incident electrons is more than for
incident photons.
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Figure 3.4: Total energy deposition in the target. incident beam size: rms=2.5
mm

PEDD strongly depends on the incident dimension. Fig. 3.5 shows the PEDD
versus the thickness with different incident dimension and target material. Larger
beam size leads to a smaller PEDD for the same material and incident particle.
With the same material and same size, electron beam causes a larger PEDD than
photon beam. If incidence and beam size are the same, the PEDD in tungsten
targets is much more than in titanium target.
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3.2 The target

3.2.1 The crystal target

Theoretical studies[34] and simulations[3, 4, 10] of channeling effect in the crystal
target have been verified at CERN and KEK]I6, 35, 7, 36, 9]. Two programs are
developed to simulate the Channeling effect in the crystal target. One is VMS[13]
and the other is G4Fot[14] code in Geant4 frame. A good agreement is got between
the experiments and the two programs([6, 7]. Fig. 3.6 shows a comparison of
photons between G4Fot code and VMS which use 10GeV electron incident on a 1
mm thick tungsten crystal. The crystal axis is <111>. It can be seen that the
energy spectrum fits well. Photon yield of VMS is a little larger than G4Fot, 22.4
for VMS and 19.6 for G4Fot. The G4Fot has a larger mean and rms values of
energy than VMS. G4Fot produces photons with a little larger angle than VMS,
though all of them have an angle less than 1.5 deg. In the simulation both VMS
and G4Fot are using point source injection. The beam size will be added before
the amorphous target. In this thesis we mainly use VMS output data as the source
of photons.

3.2.2 The hybrid target

In intense positron source, energy deposition is a key problem. The Ionization
process deposit large amount of energy in the e-e4+ converter. Generally, there
are two aspects: average heating and instantaneous energy deposition. The in-
stantaneous energy deposition will cause temperature gradients and shock waves,
consequently mechanical stresses. Moreover, the instantaneous energy deposition
may induce shock wave which appears as destruction as in the SLC case. In order
to address this issue, a hybrid source is studied.

A hybrid target scheme (see Fig. 3.7)[11] is composed of a crystal target and
an amorphous converter. The space between the crystal and amorphous target is
used to install a dipole magnet. GeV electron beams oriented to the main axis
of the crystal will radiate large number of soft photon(tens of MeV, typically)
in crystal target. This is more larger than in amorphous target with the same
material and thickness. In order to reduce the total energy deposition and PEDD
in the amorphous target, a dipole magnet is used to sweep off the charged particles.
Photons mostly impinge on the amorphous target and produce e-e+ pairs.

The space between crystal target and amorphous target will hold a magnet to
sweep off the charged particles. Short distance may lead to a high PEDD in the
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Figure 3.7: Hybrid target scheme

amorphous target. However a long distance will result in loss of some photons
which will reduce the positron yield consequently. Table 3.5 shows the influence of
distance between the two targets on total positron yield, PEDD and total energy
deposited in the amorphous target. We can see that as the distance increases from
0.5 to 4m the total positron yield decreases from 13.33 to 12.82, and the PEDD
decreases from 2.38GeV /cm? to 1.63GeV /ecm3. In this thesis a 2m long distance
will be taken.

Table 3.5: The distance between crystal and amorphous target v.s total e+ yield,
total energy deposition and PEDD. Photon data is from VMS. Incident electron
energy: 10GeV. Incident electron lateral size: 2.5mm. Amorphous target material:
Tungsten. Thickness: 8mm, transverse size:2.5 * 2.5¢m?

distance e+ yield Total E deposition PEDD
(m) (NeF/N°™) (MeV /e-) (GeV Jem3/e—)
0.5 13.33 536.4 2.38
1.0 13.24 526.8 2.26
1.5 13.25 529.0 2.19
2.0 13.17 522.1 1.95
2.5 12.99 519.0 1.89
3.0 12.99 516.6 1.77
3.5 12.96 515.2 1.69
4.0 12.82 510.6 1.63
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3.2.3 The choice of the amorphous converter

As mentioned before, energy deposition in the target is a key problem which may
cause average heating and shock wave. To solve this problem, a granular target is
proposed. It was already considered for targets submitted to high intensity proton
beams and dedicated to neutrino factories[12]; Where the amorphous target is
composed of lots of small spheres held by a container. High speed helium gas
flows in the space between the spheres. The smaller sphere radius, the larger
ratio of Surface/Volume = 3/R, finally the more easily the energy dissipates.
Moreover, the smaller radius of spheres can also lead to a smaller characteristic
time of the thermal shock waves. For example, for a tungsten sphere with diameter
of 2mm we get 0.2us of characteristic time if the average sound velocity is 5km/s.

In order to hold spheres in the granular target as much as possible, certain
structure of arrangement of spheres in the granular is implemented in Geant4.
The hexagonal close packing structure is used because this type of structure has
the most efficient way to fill space with spheres(74% of space is occupied). A
cell of hexagonal close packing structure contains 8 spheres. A granular target is
composed of thousands of cells. Fig. 3.8 shows the structure of hexagonal close
packing. (b) - (d) figures are implemented in the Geant4 code as granular target.

Because the granular target is composed of small spheres, its thickness is dis-
continue. We should choose an available thickness to make sure that it produces
the similar yield as the compact target. Fig. 3.9 shows a comparison between the
compact target and granular target. The markers of granular curves mean where
there are available thicknesses.

The breaking target analyze[l] shows that the PEDD tolerant value is 35.J /g,
this corresponds to 2.1GeV /cm?/e— according to time structure proposed by
KEK(See chapter 4). According to Fig. 3.9¢c, the available thickness of com-
pact target is less than 8mm. The available thickness of granular target for sphere
radius of Imm is less than 13.41mm. The possible thickness is 10.19mm. The
target with this thickness produces a positron yield of 12.45 which is almost the
same of the yield of 13.2 produced by a 8mm thick compact target. The total
energy deposition in the 10.19mm thick granular target is 446 MeV /e-, less than
a 8mm thick compact target case which is 534 MeV /e-. This is good for cooling.
In the following simulations, for granular target the sphere radius is 1mm and the
granular target thickness is set to be 10.19mm.

The ILC-VMS condition is defined as following: The incident electron energy
is 10GeV. Incident transverse size is 2.5mm. Bunch width is 10ps. Crystal target
thickness is 1mm.
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3.3 The capture

The positron beam emittance coming out from the converter has small lateral
dimensions but large angles. In order to fit the accelerator acceptance, it is
needed to transform it into small angles and large lateral dimensions. This section
will discuss three types of capture schemes: AMD(Adiabatic Matching Device),
QWT(Quarter-Wave Transformer) and Lithium Lens. Some simulations results
and features for each kind of capture schemes will be presented.

3.3.1 The AMD

AMD use a solenoid magnet. This system is used at SLAC[38]. The Magnetic
field along the Z direction is[39]:

By
14 az
where By is the field at the beginning of the AMD. At the exit of the AMD it has
B. = B,, where z = L and L is the length of the AMD. Usually By = 6Tesla and
By = 0.5Telsa are taken. Fig. 3.10b is the magnetic field evolution. The volume
in the hyper-ellipsoid phase space is constant(see Fig. 3.10a). AMD is used to
transform the beam from small lateral dimension and large angle into large lateral
dimension and small angle.

(3.1)

z

AMD has a transverse momentum acceptance: Py, = e(BoBs)l/ 2a, a large

geometrical acceptance: R,... = a(Bs/By)*? and a large energy acceptance, where
a is the radius of the accelerator section. Another important feature is AMD can
cause bunch lengthening due to long enough solenoid(adiabatic tapering). One is
low energy particles have a low speed, they need a long time to arrive at the exit of
the AMD. The other is large transverse momentum particles move spirally, their
trajectories are large and more time are needed to arrive at the exit of AMD.

Figure 3.11 shows the positron beam features before and after crossing the
AMD. The simulation program for the crystal is VMS. Incident electron energy is
10 GeV and incident electron number is 5000. The e-e+ pair converter is a 8 mm
thick compact tungsten target. Lateral distribution of photon beam is gaussian
, rms = 2.5mm. Bunch length is also Gaussian distribution and rms = 10ps.
The length of AMD is 50 c¢cm, with radius=2cm, By = 6Telsa, B, = 0.5Tesla.
34.1% of the positrons coming out from the target are captured by AMD. The
total yield of positron before and after crossing the AMD is 13.3(N“"/N¢~) and
4.5(Nt/N¢). The figure shows the beam transverse distribution, transverse mo-
mentum distribution, longitudinally distribution, energy spectrum and emittance
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Figure 3.10: Phase hyperellipsoid and Field in AMD. (a): Transverse acceptance.
Momenta are canonical: P = eA + mw. (b): Magnetic field defined by Eq. (3.1).

before and after the AMD. As mentioned before, after the AMD the lateral dimen-
sion of x increases from 3.1 to 8.5 mm, transverse momentum p, decreases from
7.7 to 3.5 MeV /¢, and bunch length increases from 10.6 to 43.4(ps).

Figure 3.13 shows the acceptance of the AMD. Symbol "Target” means to-
tal features of positrons at upstream of AMD(Downstream of compact amor-
phous target). Symbol "AMD” means features of positrons for these captured
by the AMD, it shows that the x acceptance range is [—5mm, 5mm]|, for p, it is
[-10MeV /e, 10MeV /c]. Fig. 3.13c shows the emittance for captured positrons
and total positrons.

Table 3.6 shows a comparison between different length of AMD: 20cm and
50cm. Two lengths of AMD has the same By and By, 6Telsa and 0.5Tesla. From
this table we can see that the 20cm long AMD has a larger acceptance than 50cm
long AMD. Beam transverse size, transverse momentum, mean energy and yield
for the 20cm case are larger than the 50cm case. The bunch lengthening of 20cm
long AMD is smaller than 50cm long case.
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Figure 3.11: Positron beam features.

Table 3.6: Positron beam features after target and different AMD. Incident electron
energy: 10GeV. Simulation program for crystal: VMS. Amorphous compact target
material: tungsten. Target thickness: 8mm

rms mean | fwhm | yield

Pos. x Da t E. E. E.
(mm) (MeV) (ps) (MeV) | (MeV) | (MeV) | N2
Target 2.97 6.44 10.02 2397 | 27.68 20 13.2
AMD 20cm | 8.25 4.44 3245 25.06 | 21.76 13 5.9
AMD 50cm | 8.56 3.11 4314 1783 | 17.62 11 4.6
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Figure 3.12: Time structure. (a): Exit of the target. (b): Exit of the AMD. (c):
Exit of the 1m long accelerator.
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Figure 3.13: Acceptance of AMD and 1m accelerator. Symbol "Target”: Exit of
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3.3.2 The quarter-wave transformer (QWT)

Quarter-wave transformer is made of a short solenoid with a high magnetic field

and a long solenoid with lower magnetic field extending over several accelerator
sections[40]. The field profile of QWT is presented in Fig. 3.14.

QWT has a momentum acceptance: (eBya/2)(1+Bs/By), larger compared with
AMD with the same field parameters. It has a geometrical acceptance: a(B;/By).
The energy acceptance of QW'T is narrow. Due to short solenoid length, the bunch
lengthening is restricted.

A

B
By

Zl ZQ

Converter
(a)

Figure 3.14: Field profile of the quarter-wave transformer.

Figure 3.15 shows the phase acceptance and captured energy spectrum. Fig.
3.15b shows the energy acceptance profile calculated by theoretical and Mont-
Carlo simulation. It is ILC case, where the hybrid target is composed of a 1mm
tungsten crystal and a 8mm amorphous compact tungsten target. The crystal
target delivers an incident photon beam to the amorphous tungsten target(see
Sec. 3.2 for the description of the hybrid target). The incident electron beam
energy is 10 GeV and the lateral size is 2.5 mm. The photon source is from VMS
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data. The QWT length is 8cm, By = 6Tesla, By = 0.5Tesla. The length of
accelerator is 1m, electric field is 15MV /m and magnetic field is 0.5Tesla. The
results fit well.

[_QWT Acceptance: Theoretical v.s Geantd |

2
o

Normaliszed distribution
=) =l
° =3
=) =)

=
3
=

2
o
R

“10” ‘20”‘.30” 75 ‘50

(a) (b)

Figure 3.15: QWT acceptance phase and energy acceptance spectrum. (a): Trans-
verse acceptance. Momenta are canonical: P = eA + mwv. (b): Accepted energy
spectrum. ILC case. QWT length 8cm, By = 61", B, = 0.5T. Accelerator length:
Im, magnetic field: 0.5T, electric field: 15MV /m.

Figure 3.16 shows some features of QW'T. The conditions for the hybrid target
are the same as above. For QWT the length is 8 cm and the magnetic field is
2Tesla. The accelerator length is 1m, magnetic field is 0.5Tesla and the electric
field is 15MV /m. It shows that from the exit of the target to the exit of the
accelerator, the lateral size increases from 2.97mm to 6.92mm, the transverse
momentum decreases from 6.46MeV /c to 2.70MeV /c. The yield is 10.36 at the
exit of the QWT and 1.92 at the exit of the accelerator which is smaller than with
the 50cm long AMD where By = 6Tesla.

Figure 3.17 shows the time structures of positron beam at the exit of the
target, QWT and accelerator. The conditions are the same as above. Initial
bunch length of electron is set to be 10ps. It shows that the bunch lengthening
due to the magnetic field is restricted compared with the 50cm long AMD where
By = 6Tesla.

Figure 3.18 shows the acceptance features of the QWT and the accelerator.
The conditions are the same as above. Symbol "Target” means the features of
all positrons at the exit of the target, which are used as a comparison. Symbol
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Figure 3.16: Positron beam features.
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"QWT” means features of positron captured by QWT and symbol ”Accelerator”
means positrons captured by both the QW'T and the accelerator. It shows for
the geometric acceptance x the QW'T is very large however decreases to range
[-bmm,5mm] at the exit of the accelerator. For momentum component px the
acceptance is very large at the exit of the QWT though decreases to range [-
5MeV /c,5MeV /c] at the exit of the accelerator. The energy acceptance at the exit
of the accelerator is less than about 20 MeV and has two peaks. They correspond
to different turns of positrons in the phase space. The p, ~ x phase space of the
acceptance for the QW'T and accelerator is a hyperellipsoid, see green area in Fig.
3.18d. The range of « and p, are [-5mm, bmm]| and [-5MeV /¢, 5MeV /c|.
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Figure 3.18: Acceptance of QWT and 1m accelerator. Symbol "Target”: Exit
of the target and used as a comparison(is not acceptance parameters). Symbol
"QWT?”: Captured positrons by QWT. Symbol ”Accelerator”: Captured positrons
by QWT and Accelerator.
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3.3.3 The Lithium lens

Lithium lens[41] is made of metal lithium, and the azimuthal magnetic field is cre-
ated by a longitudinal current circulating with the same direction of the particles.
It can provide a strong focusing for one type of charged particle and defocusing
for its anti-particle. This can make beam control easier in the following part of
the accelerator. The magnetic field can be written as:

I .
B:{ 2‘;(}%37’ if r < Ry

pol = if r > Ry
where Ry is the radius of the lithium wire and [ is the circulating current. A
sketch of the magnetic field is given in Fig. 3.19b.

Two kinds of devices have been elaborated by using this principle: lithium and
plasma lens. Here we mainly talk about lithium lens. Fig. 3.19a shows a sketch
of Lithium lens. The lens is made of a cylindrical lithium conductor fed with an
unipolar current pulse. The pulsed current is up to 100k A to induce magnetic field
of several Tesla. A distance between lens and target is used as focus length.

Target +l +l
e+ . B
—p
pol
2a 27 Ry
. —_— Bxr

Focus length

Lithium lens
(a) (b)

Figure 3.19: Lithium lens structure and field.

Figure 3.20 shows the Mont-Carlo results of the Lithium lens under the ILC
case. The simulations were made without windows. The electron beam energy is
10 GeV and the lateral size is 2.5mm. The target thickness is 8mm and material
is tungsten. For the Lithium lens the focus length is 1cm, length of lithium is 2cm
and radius of lithium is 1lem. The current in the lithium is 82.5kA. The lithium
lens is followed by an accelerator, whose magnetic field is 0.5 Tesla and the electric
field is 15MV/m. From the figures it shows that the lateral x size increases from
2.94mm at the exit of the target to 7.03mm, at the exit of the accelerator. The
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p. decreases from 6.4MeV /c to 3.5MeV /c. The rms of energy decreases from
24.2MeV to 14.5. The total yield of positrons at the exit of the accelerator is 1.38,
less than the AMD and the QWT. Figure 3.21 shows the time structure of positron
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Figure 3.20: Positron beam features.

beam at the exit of the target, lithium lens and accelerator. The conditions are
the same as above. The initial time structure of the electron beam is gaussian and
rms is 10ps. Compared with the AMD and the QWT, the lithium lens has a good
time structure and the rms at the exit of the accelerator is 28.5ps.

Figure 3.23 shows the trajectories of positrons and electrons in the Lithium lens
and 1m long accelerator. It clearly shows that the Liuthium lens focuses positrons
and defocuses electrons.

The acceptance of the Lithium lens is smaller than the AMD and the QWT.
Fig. 3.22 shows the acceptance parameters. The conditions are the same as above.
Symbol "Target” means parameters at the exit of the target and the features are
used as comparison. Symbol ”Lithium lens” means positrons that captured by
lithium lens and symbol ”Accelerator” means captured by lithium lens and accel-
erator. Energy acceptance is narrow, also for lateral dimension and momentum
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Figure 3.21: Time structure. (a): Exit of the target. (b): Exit of the Lithium
lens. (c): Exit of the 1m long accelerator.
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acceptance. Acceptance hyperellipsoid in phase space is small and only 10% of
positrons are captured by Lithium lens and accelerator.
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Figure 3.22: Acceptance of Lithium lens and 1m accelerator. Symbol "Target”:
Exit of the target and used as comparison(is not acceptance). Symbol "Lithium
lens”: Captured positrons by Lithium lens. Symbol ”Accelerator”: Captured
positrons by Lithium lens and Accelerator.
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Figure 3.23: Trajectories of positrons and electrons in Lithium lens and 1m long
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Chapter 4

Heating and Cooling

This chapter will discuss heating and cooling for e-e+ pair converter. First we will
talk about the beam structure of the incident electrons. Then some basic theory
will be presented about heating and cooling, concerning the shock wave problem,
energy deposition and thermal dissipation for helium gas cooling in the granular
target. After that we will discuss the total energy deposition in the granular
target and detailed calculation for heating and helium gas cooling according to
the incident beam structure. The last section is about the PEDD. We will talk
about the thermal shock wave, temperature rise and peak temperature in the
granular target.

4.1 General acknowledgement

The heating is a key problem in the positron source target. There are two aspects
about the heating: the total energy deposition and instantaneous energy deposition
density. The total energy deposition may melt the target and the instantaneous
energy deposition will lead to temperature gradient which may cause thermal
stresses and shock wave. It will destruct the target eventually.

Energy deposition and temperature are associated with the e- beam structure.
There are two proposed schemes for electron beam structure, LAL scheme and
KEK scheme[42]. Fig. 4.1 shows the KEK scheme. A bunch is composed of
electrons of 2-101° and its width is 10ps. 100 bunches compose a minitrain of 0.6us,
the separation between two bunches is 6.15ns. 13 minitrains form a macropulse of
40ms, the separation between two minitrains is 3.3ms. There are 5 macropulses
per second (5 Hz) and the separation between two macropulse is 200ms. According
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to this scheme, there are 2% 102 electrons in a minitrain, 2.6 10*® in a macropulse
and 1.3 * 10" in a second.

20Ums 1 macropulse(40ms) 3.3ms 1 minitrain(U.bus)

g S e Dl R T

[ ] [
I‘ VI I‘

5 macropulses(1s)

el
1 macropulse 13 mintrains (40ms) I

8150 1 bunch(2*10')

[

I‘

o

1 minitrain 100 bunches (0.6us

Figure 4.1: ILC beam structure. KEK scheme|[42]

To cool the granular target, helium gas is considered. It flows in the space
between the spheres and takes away the power. For helium gas cooling we just
consider thermal convection while neglecting thermal conduction and thermal ra-
diation, since they are negligible compared with thermal convection for high speed
fluid.

The thermal convection coefficient is defined by[43]
a=q/F*Th (4.1)

where the unit of o is (W x m™2 x K1), ¢ is energy flow J/s, F is surface area
and Ty is temperature difference between fluid and solid.

Try to cool with helium, assuming a heat transfer coefficient of a@ = 10°W *
m~2 % K~1. This is rather high, but reachable[44].

For the thermal convection, the temperature evolution is defined by[44]
T(t) = T(0) % et (4.2)
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For single energy deposition, it can be written by
T(t) = (Tp + AT) x et (4.3)
And for periodical minitrain energy deposition, in steady state it is

(To 4+ AT) x e 2t =T, (4.4)

where AT is temperature rise in one minitrain, Ty is temperature before a
minitrain and At is time interval between two minitrains.

to is time constant when the temperature is 1/e of initial value. It is defined
by the[44]

Cy,*xm
tn = 4.5
0 o*x I (4.5)
For a sphere it can be written as
C,*xpxr
g = — 4.6
0 3% (4.6)

where the factors are defined as follows:

C, : Specific heat (J * kg™' * K1)
m : Solid mass (kg)

a : See Eq. (4.1)

F : Surface area (m?)

p : Solid density (kg * m™3)

r : Sphere radius (m)

From Eq.(4.6) it shows that small r and high « reduce ty, which can accelerate
energy dissipation.

4.2 'Total energy deposition

Figure 4.2 shows the total energy deposition in the compact and granular target.
The 8mm thick compact target has a total yield of 13.2e 4 /e— just at the exit of
the converter, the total energy deposition is 534 MeV /e—. For granular target the
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thickness is discontinue. According to the disscusion in chapter 3, for the radius
of 1mm case the two possible granular thickness are 10.2mm and 13.43mm. The
latter has a more higher energy deposition of 785MeV /e— which is bad for cool-
ing. Here we focus on 10.2mm case, the total energy deposition is 446MeV /e—.
For the radius of 0.5mm the best approximation thickness is 11.6mm, the total
yield is 13.5¢ + /e— and the total energy deposition is 593MeV /e—. The total
energy deposition in the granular target only depends on the thickness because
the averaged density of granular target is the same.

Table 4.1: Possibility of thickness for granular target, radius=1mm.

Thickness Yield  Total energy deposition PEDD
Layer (mm) (e+/e-) (MeV /e-) (GeV Jem? [e—)
1 3.62 4.97 50 0.5229
2 6.9 9.17 200 1.2551
3 10.19 12.45 446 1.8139
4 13.43 14.6 785 2.2706
) 16.7 15.66 1194 2.6327
6 19.96 15.5 1624 2.6766

Table 4.2: Possibility of thickness for granular target, radius=0.5mm.

Thickness Yield  Total energy deposition PEDD

Layer (mm) (e+/e-) (MeV /e-) (GeV /em?[e—)
1 1.8165 2.7604 12.4869 0.2965
2 3.44949 5.0408 49.2887 0.6160
3 5.08248 7.0838 108.239 0.9514
4 6.71548 9.0594 194.981 1.3224
5) 8.34847 10.8092 303.187 1.6061
6 9.98146 12.1586 436.254 1.9081
7 11.6145 13.4854 592.664 2.1464
8 13.2474 14.4714 766.349 2.4281
9 14.8804 15.0688 961.19 2.6723
10 16.5134 15.4524 1149.66 2.6891
11 18.1464 15.5858 1384.79 2.6793
12 19.7794 15.4134 1600.07 2.8707

74



3000 .

Cbmpaét —— ' ' ' ' '
Granular r=Tmm ——
—~ 2500 | .
Q@
>
()
S 2000 | -
[
oS
B
g
S 1500 .
©
>
o
2 1000 f i
()
©
°
= 500 | .
0 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
Thickness(mm)

Figure 4.2: Total energy deposition in compact and granular targets. ILC-VMS
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Table 4.3 and 4.4 show the detailed description for two cases of granular target,
sphere radius of 1mm, 3 layers and sphere radius of 0.5mm, 7 layers.

Table 4.3: Description for granular target, radius=1mm, layers=3. Each cell con-
tains 8 spheres.

X of target(mm) 24
Y of target(mm) 21.1
Z of target(mm) 10.2
Z axis Cell width(mm) 3.26599

Number of X cell 6

Number of Y cell 6

Number of Z cell 3

Total Cells =108

Total spheres 108*8=864

Volume per sphere(mm?) 4.19

Mass per sphere(g) 0.081

Total energy deposition(MeV /e—) 446
PEDD(GeV /em? Je—) 1.8

Assuming a heat transfer convection coefficient of 10° and a mass flow of 30g/s,
the power deposited in the granular target and the temperature rise in helium are
summaried in Table 4.5, 4.6. Two sizes of sphere radius are considered: 1mm and
0.5mm. The power deposited and temperature rise are averaged over one second
and over one macropulse. For our choice: granular target with sphere radius
1mm and 3 layers, the temperature rise over one second is 59.62K and over one
macropulse it is 298.1K. The temperature rise is high which reduces the target
life time. Moreover, it requires very high speed helium gas, which is very hard.
The conclusion is a stationary target is not workable. A moving target (rotating
wheel or pendulum) should be considered.

4.3 PEDD

High intensity incidences pulses deposit a large amount of energy in the targets
provoking temperature rises. The target material expands but due to the mass
inertia, there will be a delay leading to pressure waves to cross the material which
provokes stresses. These waves move with the sound velocity:

v=(E/p)"” (4.7)
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Table 4.4: Description for granular target, radius=0.5mm, layers=7

X of target(mm) 20

Y of target(mm) 17.5

Z of target(mm) 11.6

Z axis Cell width(mm) 1.63299
Number of X cell 10
Number of Y cell 10
Number of Z cell 7

Total Cells 700

Total spheres  700*8=5600

Volume per sphere(mm?) 0.52
Mass per sphere(g) 0.01

Total energy deposition(MeV /e—) 593
PEDD(GeV /em? /e—) 2.14

Table 4.5: Power in the granular target and temperature rise in the He-
lium.Granular sphere radius: 1mm, 3 layers in z direction.

Averaged over one macropulse
Averaged over one second (40ms)

Thickness | Power Temperature | Power Temperature

Layer (mm) (kW) (K) (kW) (K)

1 3.62 1.0413 6.68 5.20 33.42

2 6.9 4.1652 26.73 20.82 133.68

3 10.19 9.2884 59.62 46.44 298.10

4 13.43 16.3484 104.93 81.74 524.69

5 16.7 24.8662 159.61 124.33 798.06

6 19.96 33.8214 217.09 169.10 1085.48
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Table 4.6: Power in the granular target and temperature rise in the Helium. Gran-
ular sphere radius: 0.5mm, 7 layers in z direction.

Averaged over one macropulse
Averaged over one second (40ms)

Thickness | Power Temperature | Power Temperature
Layer (mm) (kW) (K) (kW) (K)
1 1.81 0.26 1.66 1.30 8.34
2 3.44 1.02 6.58 5.13 32.94
3 5.08 2.25 14.46 11.27 72.34
4 6.71 4.06 26.06 20.30 130.32
5 8.34 6.31 40.53 31.57 202.65
6 9.98 9.08 58.31 45.42 291.59
7 11.61 12.34 79.22 61.71 396.13
8 13.24 15.96 102.44 79.79 512.22
9 14.88 20.01 128.49 100.08 642.45
10 16.51 23.94 153.68 119.71 768.43
11 18.14 28.83 185.11 144.19 925.59
12 19.77 33.32 213.89 166.61 1069.49
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where E' is the Young modulus and p is the density. The sound speed for tungsten
at room temperature is v ~ 4.6 * 103m/s.

The time needed for the wave to travel from the outer surface of sphere to the
center is 74 = d/v. If the pulse width 7, > 75, small amount of energy is going into
the target over 7, and the shock wave is limited.

For granular target with sphere radius of 1mm, the sphere size is less than the
transverse dimension of incident beam which is 2.5mm. Only small and essentially
linear temperature gradients will be created in individual sphere. This means
spheres can expand relatively free and will lead to negligible thermal stresses. The
time for sound traveling across the sphere is 7, = 0.22us which is smaller compared
with minitrain width 0.6us. The shock will be limited.

Figure 4.3 shows the PEDD in the granular target versus target thickness.
For granular target the PEDD for the sphere radius of 1mm case is smaller than
for sphere radius of 0.5mm case, for the same target thickness. Because the cell
volume used to count EDD(Energy Deposition Density) is larger for 1mm case
than 0.5mm case.

Figure 4.4 shows the energy deposition density in a granular target whose
sphere radius is 1mm and the target thickness is 10.2mm. (a) is x-z plane view, z
is the incident direction and y ~ 0 is at center of incident y-dimension. (b) is x-y
plane view and z is at the end of the target. The figure shows that the PEDD is
about 1.8GeV /em?/e—. Detailed PEDD for various thickness are represented in
Table 4.1 and 4.2.

For thermal dissipation, with Eq. (4.6) the time constant is defined as the
temperature decreases to 1/e of initial value. For sphere radius of 1mm this value
is 8.3ms and 4.1ms for sphere radius of 0.5mm, which can only be reached with
very high helium flux(a = 10°).

Using the time constant we can calculate the lowest and highest temperature
now. Table 4.8 and 4.7 show the PEDD per minitrain, temperature rise in one
minitrain, lowest temperature and highest temperature in the hottest sphere in the
granular target. Fig. 4.5 shows the temperature rise versus time in one macropulse
in the hotest part of the granular target with sphere radius of 1mm and 3 layers.
The lowest temperature is just before the first minitrain and the highest temper-
ature is just after a minitrain when it arrives at a stable state. For our choice of
VMS-ILC: granular with 3 layers and sphere radius of 1mm, the temperature rise
in hottest sphere per mintrain is 232K. The highest temperature in the hottest
sphere is 708K . The stationary target is not workable.

If 7, > 75 ~ r/v where r is sphere radius. The thermal stress provoked by
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Figure 4.4: Energy deposition density in a granular target. ILC-VMS case. Target
material: 'W. Sphere radius: 1mm. Granular layers: 3. Total target thickness:
10.19mm. (a): x-z plane view at center of y. (b): x-y plane view at end of the
target.

incident beam can be given by[45]:

mas = EpAT—— (4.8)
I/Tp

where E is Young modulus. It is 411Gpa for tungsten. 7 is thermal expansion
coefficient which is 4.5 x 107%m /K /m for tungsten at room temperature. AT is
target temperature rise. 7, is pulse duration. v is the sound velocity which is
4.6 % 103m/s for tungsten. For W granular target with sphere radius of 1mm, the
temperature rise is 232K:

Omaz = 155 Mpa (4.9)

It is small due to the large width duration of minitrains and small temperature

rise. The reduction factor of r/(v7,) is due to 7, > 75, where 7; is the time needed
for the shock wave crossing the sphere.
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Figure 4.5: Temperature rise in function of time in one macropulse in the hottest
part of granular target. VMS-ILC case. Granular thickness: 3 layers of cell in z

direction. Sphere radius: 1mm.

Table 4.7: PEDD and temperature rise in the granular target. ILC-VMS case.
Granular thickness: 3 layers of cell in z direction. Granular sphere radius: 1mm

Thickness PEDD AT Lowest T Highest T
Layer (mm) (J/g/minitrain) (K) (K) (K)

1 3.62 8.69 66.94 137.24 204.18
2 6.9 20.86 160.69 329.41 490.10
3 10.19 30.15 232.23 476.07 708.31
4 13.43 37.74  290.70 595.94 886.65
5 16.7 43.76 337.06 690.98 1028.05
6 19.96 44.49 342.68 702.50 1045.19
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Table 4.8: PEDD and temperature rise in the granular target. ILC-VMS case.
Granular thickness: 7 layers of cell in z direction. Granular sphere radius: 0.5mm

Thickness PEDD AT Lowest T Highest T
Layer (mm) (J/g/minitrain) (K) (K) (K)

1 1.81 492  37.96 30.74 68.70
2 3.44 10.24  78.86 63.88 142.74
3 2.08 15.81 121.80 98.66 220.47
4 6.71 21.98 169.30 137.13 306.44
) 8.34 26.69 205.62 166.55 372.18
6 9.98 31.71 244.29 197.87 442.17
7 11.61 35.68 274.80 222.59 497.39
8 13.24 40.36  310.87 251.80 562.67
9 14.88 44.42  342.13 277.12 619.26
10 16.51 44.70  344.28 278.87 623.15
11 18.14 44.53  343.03 277.85 620.88
12 19.77 47.72  367.53 297.70 665.24
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Chapter 5

An Application On ILC

This chapter gives an application for ILC. A hybrid positrons source using crystal
and granular target will be presented. The 7 features at the exit of the crystal
target are presented. Heating and cooling scheme for crystal target are discussed.
Then we will talk about granular target with container structure. The energy
deposition in the granular target and container are calculated and a pendulum
structure are discussed. Positron features after the target are presented. The last
section is about the positron beam propagation in the capture device. The capture
efficiency and positron beam features after the capture device are presented.

5.1 Hybrid Source

The application in ILC is a hybrid target scheme which is composed of a crystal
target and an amorphous granular converter, then an adiabatic matching device
followed by a 1m long accelerator. 10GeV electron beam oriented to the main axis
impinges on 1mm thick crystal target. Large numbers of soft photon are produced
in crystal target. The photons are sent to the amorphous granular target and the
charged particles are swept off. Helium gas is used for cooling the crystal target.
The distance between crystal target and amorphous target is set to be 2m long to
install a bending magnet which will sweep off the charged particles. According to
the disscusion in chapter 3 and 4, the granular target thickness is 10.2mm with
sphere radius of 1mm, which produces almost the same yield as a 8mm thick
compact target. Pendulum structure using helium cooling is applied on granular
target. A 50cm long AMD is installed after the granular target to capture the
positron beam. The beginning of the magnetic field is 67Tesla, and the exit is
0.5T'esla.
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Figure 5.1: Hybrid scheme using crystal and granular target for ILC.

Comparing with conventional positron scheme, using crystal and granular tar-
get can increase photon yield and accelerate energy dissipation. The incident
energy can be raised and the positron yield is high. Comparing with polarized
positron schemes based on the undulator and compton back-scattering, the tech-
nology for hybrid source is easy to reach. The undulator is very large and complex,
the cost is expensive. The technology for optical cavity used by compton back-
scattering scheme is difficult and the positron yield is low.

5.2 Crystal Target

The crystal target material is tungsten; axis is <111> and the target thickness is
Imm. Fig. 5.2 shows the crystal target structure which is cooled by helium gas.

The crystal is mounted on a holder with Be-windows. The heating is evacuated
from both sides of the crystal. This allows installing a support for the crystal
which provides the stability in its orientation, but permits its unconstrained lateral
thermal expansion, to reduce thermal stresses and fatigue. Five crystals are put
on a transversally moving frame. This can reduce the average power deposition,
where the PEDD per micropulse and macropulse will not change. The radiation
damage is decreased by a factor of 5.
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The incident electron energy is 10GeV with a rms of 2.5mm for lateral size.
The ~ yield at the end of crystal is 18.6v/e—. Fig. 5.3a shows the energy spectrum
of produced . The mean energy is 343M eV and rms is 766 MeV. Fig. 5.3b shows
distribution of transverse momentum P,. Its rms value is 0.2MeV /c. Fig. 5.3c
shows the emittance of v beam and Fig. 5.3d shows the angular distribution. It
shows that the angle is very small, which means the large angle scattering in the
crystal is not dominant.

The total energy deposition in the crystal target is 8M eV /e—. For KEK scheme
this means a power of 166WW. The crystal simulation programs can only deal
with point injection. In order to study energy deposition density, here we use an
amorphous target instead. Fig. 5.4 shows the energy deposition density in a 1mm
amorphous W target. It has a peak value (PEDD) of 0.35GeV /em3/e—. For
KEK scheme this means a PEDD of 5.82J/g/minitrain for a minitrain of 2 - 10'2
electrons. The above cooling scheme can solve the heating problem.

Be-WINDOW

AN

e-

—

W-CRYSTAL

t

He-INLET

Figure 5.2: Crystal target with helium cooling.
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Figure 5.3: v beam features at the end of crystal using G4Fot. Electron energy
10GeV. Crystal axis <111>. Crystal thickness 1mm.
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Figure 5.4: Deposited energy density in 1mm amorphous W target. Incident
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5.3 Pair Converter

Granular target can be cooled efficiently by helium gas, so we choose granular
target. From Sec. 3.2.3, the the best choice of thickness for granular target is
10.19mm with the sphere radius of 1mm. This can control the PEDD and get the
highest positron yield. Because of using small spheres it needs to use a container
to hold the spheres. Metal Be can be considered for upstream and downstream
windows. This can avoid unnecessary effect on the beam and limit the energy
deposition in the windows. Ti can be used for upper and lower windows which can
give enough support for the target. Fig. 5.5 shows the amorphous structure. Be
and Ti windows have a thickness of 1mm.

Upper Ti window

"‘\"‘\"“\‘" Downstream
W AW AW \» Be window
w_'lw 'w
g A A
photon e e
# "w \-‘9 \‘ﬂ \"
il iwLw
' w Tw
q‘» 1‘ ‘\‘ ]
Upstream ?"\‘{‘\‘*‘\‘*
Be window e A T - O
a ~ 2 - .| - "
- P Amorphous
W sphere

Lower Ti window

Figure 5.5: Amorphous target structure for ILC.

The positron yield at the exit of the amorphous target is 12.45¢ + /e—. Mean
energy is 28MeV (E < 200MeV), FWHM is 18 MeV. For the lateral beam di-
mension the rms is 3.4mm. Transverse momentum component p, has a rms of
6.4MeV /c. The beam profile is small size, large transverse momentum and large
energy spread.

Because of multiple scattering in the granular target. The positron beam has a
larger angle than v beam. Fig. 5.6 shows the angle distribution for positron beam
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at the exit of the amorphous target. The mean value is 0.35 rad and the rms is
0.37 rad.
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Figure 5.6: Positron beam angle distribution. Amorphous target layers 3, thickness
10.19mm. Sphere radius 1mm. Incident electron energy 10GeV. Incident lateral
dimension r.m.s 2.5mm.

Table 5.1 shows the total energy and PEDD deposited in the granular target
and four windows. Among four windows the downstream one has the highest total
energy deposition and PEDD, 10.64MeV and 0.17GeV /em? Je—. This is because
of large number of particles coming out of the granular target. These particles
have relatively low energy . When they cross through the Be window, they will
deposit a lot of energy.

As Sec.4.2 mentioned, the stationary target is not workable because large
amount of energy deposition in one macropulse will lead to serious heating prob-
lems. A rotating or pendulum scheme should be considered to dilute the energy
deposition. To avoid rotating seals, wobbling and trolling targets have been de-
vised at Durham ILC e+ Meeting in Oct. 2009. Here we consider a "Pendulum
Scheme”, as shown in Fig. 5.7. The movement of the pendulum is provided by
a sinusoidal oscillation. The width of the target is 13cm, with moving velocity of
3m/s over +/ — Tdeg providing lem space for each minitrain in one macropulse
which contain 13 minitrains. The total swing is +/ — 23deg which allow for target
go back to original state, inversion of direction of the movement during the "off
beam” time of 160ms. In this scheme the displacement of the target structure
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Table 5.1: Total energy and PEDD deposited in granular target and windows.

Total E deposition PEDD
Section (MeV /e-) (GeV Jem?[e—)
Granular target(W) 456.49 1.88
Up window(Be) 0.13 0.0016
Down window(Be) 10.64 0.1758
Upper window(T1) 0.13 0.0020
Lower window(Ti) 0.14 0.0022

from the outside into the vacuum is made via flexible, vacuum tight bellows. The
injection of the cooling fluid can be ensured through a fixed structure. The range
in angle must be sustained by the bellows oscillating at 2.5H z.

In this scheme, one macropulse is spread in 13cm width bar. So the energy
deposition and temperature rise in one macropulse is decreased by a factor of 13.
The energy deposition in the same spot in one macropulse is 142.7.J. The temper-
ature rise of Helium in 0.2s is 68 K with mass flow of 3.2-1073kg/s. The PEDD is
yet 30.J /g/minitrain and the peak temperature rise is 232K. In one macropulse
it will decrease to room temperature Ty(K') and the highest temperature will be
(232 + To) K. During the time between two macropulses hitting the same target,
which is 200ms, the target temperature will decrease close to room temperature.

More detail of rotating wheel for cooling granular target is under study. Fig.
5.8 shows the scheme. Since the deposited beam energy is concentrated within
a diameter of about lem(see Fig. 4.4), with a linear velocity of the rim of the
rotating wheel of about 3m/s, the rim is displaced by lem over 3.3ms, so the
energy of each minitrain is separated from the adjacent, following minitrain. Only
very little pile up occurs. The calculated maximum temperature rise in the target
rim, resulting from the PEDD per minitrain, is not exceeding 232K .

The total energy deposition and PEDD in Titanium upper and lower windows
is negligible. For the downstream windows, the total energy deposition is 3.J.
The PEDD is 29.J/g/minitrain which will lead to sustainable temperature rise of
about 15K /minitrain. Fig. 5.9 represents the energy deposition density in the
downstream Be window.
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Figure 5.9: Energy deposited density in downstream Be window. VMS-ILC case.
Energy density unit: GeV /em?/e—.

5.4 Capture Device

Adiabatic Matching Device has a large energy and geometry acceptance. Here we
choose it as capture device in the application in ILC. Fig. 5.10 shows the capture
device structure. It is an AMD followed by a 1m long accelerator. Both diameter
of AMD and accelerator are 40mm. The length of the AMD is 50cm, By is 6T esla
and By is 0.5Tesla. The accelerator has a constant magnetic field of B, = 0.5Tesla
by using solenoid, the constant electric field is F, = 15MV /m.

The yield at the exit of the AMD is 4.5¢ + /e— and 2.3e + /e— at the exit of
the accelerator. The lateral dimension increases from 3.1mm to 8.1mm. Trans-

verse momentum p, decreases from 7.7MeV /c to 2.1MeV /c. FWHM of energy
decreases from 18MeV to 9MeV .

Figure 5.11 shows the angle distribution at the exit of the AMD and accelerator.
Compared with Fig. 5.6, from the exit of the target to the exit of the accelerator,
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the mean angle decreases from 0.357ad to 0.024rad. The rms decreases from
0.31rad to 0.016rad.

Targtet

AMD Accelerator
Figure 5.10: Capture Device structure for ILC.
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Figure 5.11: Angle distribution for positron beam. VMS-ILC case. (a) At the end
of AMD. (b) At the end of accelerator.
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Chapter 6

Control of Emittance

This chapter will discuss the emittance control of positron beam at the exit of the
target and capture. To control the emittance and increase the particles energy,
an accelerator structure is introduced to accelerate the positrons up to 300MeV .
Parmela is used in the simulation. The phase of accelerator, positron beam energy
spectrum, longitudinal and transverse emittance are optimized.

6.1 Accelerator theory

Accelerators are designed to accelerate or collect particles. A beam of charged
particles is expected by design to follow closely a prescribed path along a desired
beam transport line or along a closed orbit in case of circular accelerators. The
forces required to accelerate, focus, hold, bend and direct the charged particle beam
come from electric and magnetic field supplied by components of accelerators.

6.1.1 Particle dynamics in electromagnetic fields

The force felt by a particle carrying a single basic unit of electrical charge in
electromagnetic field is expressed by Lorentz force[46]:

F =¢E +e(v x B) (6.1)

Here we use SI units system. E and B are electric field and magnetic field. v is
the velocity of particle.
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In circular accelerator usually natural coordinate frame is most frequently used,
where y is vertical direction, x is horizontal direction and s is the direction of
particle velocity(longitudinal). Then[46]

R=rz+yy (6.2)

where r = p + x. p is the radius of curvature of the trajectory. If there is no
electric field, then:

d
d—It’ = e(v x B) (6.3)
p is momentum, for s we have
d dsd
- - 4
dt dtds (6.4)
and
ds = pdf = usgdt (6.5)

Assuming v, << v,, v, << Vs, and supposing B has no component in s direc-
tion, the transverse linear motion equation becomes[46]:

B, and B, can be written as:
B, = B,(0,0) + 85% + 88% (6.8)
B, = B,(0,0) + %x + aa—iyy (6.9)

Assuming no bending in vertical direction(B,(0,0) = 0) and no couple in x and
y direction(0B, /0y = 0B,/0x = 0), we can get 0B,/0x = 0B, /0y. Finally the
transverse motion equation can be expressed as[46]:

Az
@ + KI(S)SE =0 (610)
d?y
where
1 1 0By(s)
K,=—+——Y 6.12
p? + Bp Oz ( )
_ 1 9By(s)
y = _B_p I (6.13)
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Eq. (6.10) is Hill equation. K, and K, depend on the accelerator elements.
Solution of Hill equation can be written as matrix form[46]:

X, = MX, (6.14)

X, = (j,)l,xz = (if,)Q,M - (i Z) (6.15)

where M is Transform Matrix, determined by lattice elements:

where

M:Mn'Mnfl"'M2'M1 (616)

Transverse stability require that X, must be finite, from what we get the transverse
stability condition[46]:

1
~1<Tr(M) <1 (6.17)
For drift tube, K = 0, the Transform Matrix is:

M = <(1) f) (6.18)

For focusing magnet with a length of [, K > 0

cos <\/El) #sm (\/El)

M = 6.19
~VEsin (VL) cos (VK1) (0:19)
For defocusing magnet with a length of [, K <0
h K|l L_sinh Kl
_ cos (V! | > msm <\/| | ) (6.20)

—MSmh (\/|_K]l> cosh (MO

Usually quadrupole lattice is used to focus particle beam in accelerator. quadrupole
is a type of strong focus element. It focus in one direction and defocus in the other
direction at the same time. However, quadrupole lattice can be designed to focus
in both transverse direction. The focus length of a quadrupole is[46]:

L_ebl (6.21)
o
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where B’ is magnetic gradient and p/e = Bp is called magnet rigidity. The trans-
form matrix for quadrupole is:
1 0
M = (_ 1) (6.22)

1
f

In circular accelerator, assuming C' is circumference, K (s + C) = K(s). The
solution for Hill equation is[46]:

z(s) = A\/B(s)cos[v(s) + 0] (6.23)

where A is a constant number, here we define

3s) = 2 (6.24)

_1dB(s)  1d [w(s)
=50 T Taas ( k ) (6.25)
(s) = (6.26)

where w is a periodical function with period C. «, 3, are called Courant-Snyder
or Twiss parameter. They can be written as[46]:

KB=v+a (6.27)
In accelerator we usually use RF cavity to accelerate particles. Let R be the

radius of cavity and L is the length. Supposing in RF cavity it just has components
E. and Ej, the Maxwell equation has the following form:

%%(ng) = c%aa% (6.28)
aa]fj _ % (6.29)
The solution is:
E.(r,t) = E(r)e™! (6.30)
E(r) = EoJo (%«) (6.31)

Jo is zero order of Bessel function. If the cavity is ideal conductor, F(R) = 0.
Then the lowest harmonic frequency:

“R = 2.405 (6.32)
C
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For circular accelerator, assuming (Fj), is the energy of synchrotron particle
at the n'"* cavity with charge e, then

(Es)ni1 = (Es)pn + eVsin(os) (6.33)
For none ideal particle
Eyi1 = E, +eVsin(¢y) (6.34)
The energy difference is
AE, 1 = AE, + eVsin(p, — ¢s) (6.35)

The boundary equation of particle motion in ¢ — AE phase space can be solved
as[46]:
202 EeV
AE? + u(cosqﬁ + ¢sings) = const. (6.36)
Nwy T2
where 7 is time between two cells of cavity and w, ¢ is cavity frequency. 7 is Slippage
factor.

6.1.2 RF cavity

According to the relativistic theory, particle velocity must be less than the light
velocity. So the phase velocity of high frequency accelerator field must be less than
the light velocity. So slow wave structure is needed in accelerating particles. Here
we use disk-wave guide cavity. Fig. 6.1 shows the cavity structure.

The length of cavity can be estimated by Transit time factor. Which is rate of
energy gained when particle is right at the center of cavity where the electric field
is peak and energy gained when electric field is constant(maximum value)[47]

f L/2E cos(wz/v)dz

T = (6.37)
L/2
I L/2E dz
The wall losses are related to the quality factor @) of the structure.
w
Q=" (6.38)

where W is the stored energy per unit length. P, /w is wall losses per unit length
and per radian of field oscillation.
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Figure 6.1: Disk-loaded waveguide[47].

Another important parameter of cavity is shunt impedance R,, defined by:

V)
Y 9R,

(6.39)

where P, is cavity losses and V., is effective voltage.

The axial electric field in a standing-wave rf cavity imparts energy to a particle
according to the equation[47]:
L2 L/2
AW =gq E.(z,t)dz = q/ E.(2)cos(wt + ¢)dz (6.40)
—L/2 —L/2

where L is the cavity length, ¢ is the particle charge.
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6.1.3 Phase stability

Figure 6.2 demonstrates the phase shift in the accelerator. Electromagnetic field
transports from left to right with velocity ¢. Suppose a reference particle with
velocity c at point A travels to A’ after period 7. The field is sin(¢) and sin(27+¢).
A non-light particle at point A will need more time than T to arrive at point A’
because its velocity is less than c¢. The field it meets is sin(¢) and sin(27+¢+Ag).
So there is a phase difference of A¢. Lower energy particle will gain more energy
and shift to reference phase. Higher energy particle will gain less energy and shift
to reference phase. The beam particles with certain energy and phase difference
will not be lost. This is the principle of phase stability discovered by V.I.Veksler
and E.M.McMillan.

-11/2 /2

; V4

Figure 6.2: Phase shift demonstration.
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6.1.4 Emittance

In the  — 2’ and y — ¢’ phase planes, the r.m.s emittance is defined as[48|:

1| X N N 2
Ex,rms = N ZZE? ZZL'/? - (Z $12$/Z2> (641)
=1 =1 i=1

2
Eyrms = Z Y; Z y (Z Yi y/z2> (642)
=1

where N is the total number of particles, z; and 2, are the ith particle’s space
and divergence coordinates, and similarly for the y — 3’ coordinates. For the
longitudinal phase space, the definition is:

Ezrms — Z ¢2 Z E2 (Z ¢§E12> (643)

=1

where ¢; is the ith particle phase and F is the energy.

The emittance of positron beam at the exit of the capture system are shown
in Table 6.1. It can be seen that the emittance is very large. In order to acquire
positrons as much as possible, an accelerator system with solenoid magnetic field
is needed to match the beam emittance.

Table 6.1: Emittance at the end of AMD

normalized rms x normalized rms y ynnormalized rms z
(cm-rad) (cm-rad) rms(cm)

4749.2 4735.6 234

102



6.2 Accelerator system

In this project Parmela is used to simulate the positron beam transportation in the
accelerator system with energy up to 300MeV after the capture system. Parmela
is an electron linear particle dynamic simulation program. It is the abbreviation of
Phase and Radial Motion in Electron Linear Accelerator, Written by Los Alamos
National Laboratory. It can trace particle motion in user defined accelerator sys-
tem, cell, tank, quadrupole, drift, solenoid or coil( background magnetic ), and
other elements. It can simulate space charge. It is suitable for electron, positron
and ions.

The incident electron beam bunch length is set to 10ps. After the Adiabatic
Matching Device, the bunch lengthening due to the spiralization in the longitudi-
nal magnetic is serious, emittance is very large(See Table 6.1). To capture more
positrons, 1.3GHz L-Band m mode standing wave cavity structure is used. There
are 8 cells per cavity. The length of a cavity is 1.02m. The aperture size is 4cm.
The average electric field of the cavity is 15MV /m. Fig. 6.3 shows the 8-cell
accelerating structure and Fig. 6.4 shows the electric field distribution in a cavity.

The accelerator system is composed of 30 cavities and the drift tube connect
the two adjacent cavities, the total length of the accelerator system is 34.6m. The
accelerator system is immersed in solenoid which is used to control the positron
beam. The magnetic field is 0.5Tesla. Fig. 6.5 shows the accelerator system
structure. Fig. 6.6 shows the electric field in the accelerator system and Fig. 6.7
shows the magnetic field.
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Figure 6.3: The 8-cell disk-loaded cavity structure. It is 1.3GHz 7 mode.
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8 cells, 1.300 GHz, pi mode
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Figure 6.4: The electric field distribution in the 8-cell disk-loaded cavity. It is
1.3GHz 7 mode.
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Figure 6.5: Structure of 8-cell cavity accelerator system
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Figure 6.6: Electric field in the accelerator system
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Figure 6.7: Magnetic field in the accelerator system
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6.3 Configuration of Parmela

In Parmela simulation, all particles’ energy and phase are represented with respect
to the reference particle’s energy and phase. The energy of positron beam at the
exit of the AMD is mainly distributed between 4 — 50MeV. Here the energy of
reference particle is set to be 10.41MeV. In Geantd time is used to represent
particle’s 4th dimension. In Parmela the phase is used. So we need to transfer
time to phase according to the accelerator frequency. Fig. 3.12b shows the time
distribution of positron beam at the exit of the AMD. The phase corresponding
to the peak value is considered as phase of the reference particle and is set to be
Odeg. Fig. 6.8 shows the particles’ phase distribution.

| | htemp
Entries 21324
2400 Mean 7.019
2900 ; RMS 14.59
2000 ;
1800 ;
1600 ;
1400 ;
1200 ;
1000 ;
800 ;
600 ;
400 ;
200 ;
926 = SLO — 100
6(deg)

Figure 6.8: Phase of positron beam at the end of AMD.

A very important parameter in Parmela is the phase of the accelerator. In
Parmela it use sine convention. For positive particle 0 ~ 180deg is accelerating
range and —180 ~ Odeg is decelerating range. Fig. 6.9 shows the energy-phase
curve for positron beam at the exit of the AMD. We can see that the phase
range is large, more-over most low energy particles have large phases. In order to
minimize the particle loss we should choose maximum capture phase for accelerator
according to phase stability principle. For reference phase between —90 ~ 90deg,
low energy particle with large phase will gain more energy and shift to reference
phase, high energy particle with small phase will gain less energy and shift to
reference phase. The phase space will be narrow. Fig. 6.10 shows the particle
yield in the 4 tank accelerator system versus the tank phase. Each tank has 16
cells. The incident positrons are 5000. It can be seen that the yield has a peak
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value of phase ~ 0 or ~ 180.
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Figure 6.9: Phase vs energy of positron beam at the end of AMD.
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Figure 6.10: Yield vs Phase in four tank accelerator system. 7 mode. 16 cells.
Incident positrons: 5000. Positrons comes from VMS-ILC end of 50cm AMD.

109



The total bunch length can be expressed in phase. The energy spread and
bunch length have the following relationship[49]:
AE  A¢?

s g (6.44)

The bunch length A¢ needs to be shorter to get lower energy spread. Because the
energy acceptance of the Damping ring is limited(< %1, generally).
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6.4 Simulation results

With optimized cavities phase, Fig. 6.12 shows the total yield and reference energy
versus the length. It shows that the total yield decreases very quickly in the first
four cavities, then decreases slowly. The total yield at energy ~ 300MeV is about
0.8, which is small. An explanation is the transverse electric field of the cavity and
large emittance of input beam result into large beam loss. Fig. 6.13 shows the
x—xp phase distribution at different points. It shows that the volume of transverse
phase space decreases quickly at first, then arrives at a "stable” state. Fig. 6.14
shows the phase, z — y, phi — E and energy distribution. Phase and energy are
represented with respect to the reference particle’s phase and energy. It shows that
the phase distribution and energy distribution do not change significantly. Table
6.2 shows the rms emittance, a and  parameters at difference position. Fig(6.11)
shows the x and y envelope evolutions. The conclusion is that the particle loss is
serious and more optimization is needed. The particle loss is mainly coming from
the transverse loss, the first reason is due to the large transverse emittance and
the second is the transverse defocusing force.

0.88 T T T T T T
0.86 | 23 £ is rms emittance

<X

0.84 |
0.82 |
0.8 |
0.78 |
0.76 | ~—
0.74 |
0.72 |
0.7 |
0.68 | \
0.66 : : : : : :

0 500 1000 1500 2000 2500 3000 3500

Length(cm)

(Be)2(cm)

Figure 6.11: x and y envelope evolution in the 8-cell cavity accelerator system.
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Table 6.2: Unnormalized emittance, o and beta at different position in the 8-cell
tank accelerator.

position x emittance o B
(cm)  rms(cm-rad) unitless (cm/mrad)
18.000 0.0518314  -0.1123 14.2624
120.308 0.0204980  -0.1011 33.4936
235.615 0.0133838  -0.0912 49.6240
350.923 0.0099750  -0.1437 67.1929
466.231 0.0085285  -0.1040 74.4395
581.538 0.0067196  -0.0947 95.3158
696.846 0.0057833  -0.0998 105.1151
812.154 0.0051192  -0.1181 118.2021
927.462 0.0044896  -0.1088 136.6972
1042.769 0.0041803  -0.1070 142.4170
1158.077 0.0036778  -0.1269 159.4664
1273.385 0.0034156  -0.1348 169.8023
1388.692 0.0032107  -0.1344 179.9347
1504.000 0.0028241  -0.1322 204.0027
1619.308 0.0026936  -0.1210 209.0630
1734.615 0.0024274  -0.1140 223.0170
1849.923 0.0021895  -0.1304 238.1832
1965.231 0.0020891  -0.1275 242.9990
2080.539 0.0019487  -0.1458 267.0680
2195.846 0.0019406  -0.1453 268.7600
2311.154 0.0017939  -0.1540 289.2329
2426.462 0.0016386  -0.1566 314.7566
2541.769 0.0016162  -0.1446 319.1129
2657.077 0.0014301  -0.1355 347.5760
2772.385 0.0013817  -0.1132 347.5099
2887.692 0.0013361  -0.1150 352.5625
3003.000 0.0012789  -0.1162 359.4554
3118.308 0.0013097  -0.1334 350.8455
3233.615 0.0012020  -0.1556 374.3491
3348.923 0.0011817  -0.1832 378.3010
3464.231 0.0010868  -0.2094 409.8149
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Figure 6.12: Total yield and energy of reference particle vs length in the 8-cell
cavity accelerator system.
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Figure 6.13: x — xp in different points of the 8-cell cavity accelerator.
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Figure 6.14: Phase distribution, x — y, ¢ — E and energy spectrum in different
points of the 8-cell cavity accelerator. Phase and energy is measured with respect
to reference particle. Length unit is em. Energy unit is KeV/.
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6.5 Matching system

The solenoid length is 34.6m. At the exit of the solenoid, the positron energy is ~
300MeV. To transport positron beam into next accelerator system a quadrupoles
matching system is needed. Suppose we have a periodical structure after the
solenoid which is composed of a cavity and a triplet. Between the periodical
structure and the solenoid we need a matching section. Here we use a triplet and
a drift tube. Fig. 6.15 shows the match system position.

Figure 6.16 is the matched results by using TRACE3D. At the bottom of the
figures, symbols 1 to 7 compose the matching section and symbols 8 to 31 compose
three periodical structure. Emittance before the matching section and after three
periodical section are plotted in the left and right side. The blue and red curves
at the bottom is the x and y envelop. Words "30mm” means the maximum limits
of the transverse dimension. In TRACE3D it uses total emittance which contains
100% of the particles.

The triplet magnetic in the periodical structure is 750gauss/cm. The magnetic
field of the triplet and drift tube length in the matching section are ajusted and
plotted in the middle of the figures, the magnetic fields from left to right are —885,
853 and —843gauss/cm and the tube length is 1.588m

8cellcavity D F D 8cellcavity D F D

|'I'I'I'I'I'I'I'|
L
_ Matching section

Figure 6.15: The matching system position.

The results from Parmela are shown in Fig. 6.17. Energy of positrons at
beginning of the matching section is 300MeV and it is 340MeV after four periodical
structure. For (b) we use rms emittance. The number of particles at beginning of
the matching system is 3682, and 3402 at the exit of the four periodical structure.
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Figure 6.17: S function and envelops in the matching section and 4 periodical

structure. (a): S function. (b): envelops in rms emittance. (c) envelops of all
particles.
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Chapter 7

Conclusion

Next generation of e+e- colliders requires high intensity positron sources. Accord-
ing to ILC RDR the positron yield at the Interaction Point should be le+/e-.It
is a challenging problem. For conventional target scheme it is needed to increase
the incident beam intensity and energy to increase also the positron beam inten-
sity. But this will result in large amount of energy deposition in target which may
melt down the target. One alternative solution is based on the channeling effect
of GeV electron beams impinging on axially oriented crystals[2, 3]. In channeling
conditions, the electrons emit a large number of photons which are more numerous
than in a amorphous target of the same thickness. The photons then create a large
amount of e-e+ pairs in pair converter.

In this thesis, we first recalled the main physical processes when an electron or
a photon is incident on an amorphous target. With the resulting bremsstrahlung
and pair production we have ionization processes leading to energy deposition .
We recall also the crystal effects, mainly channeling of electrons along the main
axes of a crystal, specifying also the channeling conditions. We put some emphasis
on these processes as the positron source we are studying and proposing is based
on a crystal-radiator and an amorphous converter. This kind of source has been
studied experimentally by a French-Russian group at CERN (WA 103) and by
Japanese colleagues at KEK, with some collaboration with French groups. These
experiments have validated the simulations. In this report, we give the results of
our simulations on this kind of source with an application to ILC.

A special device has been studied in our PhD work addressing the two main
challenges for a positron source: a high yield, obtained with a high rate of photons
produced in channeling conditions in a thin crystal and an optimization of the
energy deposition and dissipation using a granular target instead of a compact
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one at some distance from the crystal; the charged particles coming out from the
crystal being deflected by a bending magnet to spare additional energy deposition
in the amorphous converter. Such a solution is called hybrid source It presents the
advantage of relatively weak PEDD (Peak Energy Deposition Density)

Three kinds of matching devices put after the converter to optimize the positron
phase space in order to fit with the accelerator acceptance, have been studied. The
AMD (Adiabatic Matching Device) , the QWT (Quarter wave Transformer) and
the lithium lens. Their characteristics have been studied and compared.

The heating and cooling has been studied at different conditions and using the
KEK scheme for ILC: this scheme modifies the incident beam time structure in
order to get shorter pulses and enough time between the pulses to allow relaxing
of the target heating. In these conditions, a solution has been studied for ILC.
Simulations concerning the positron beam phase space, the energy deposition and
the subsequent heating have been operated leading to a possible use of the hybrid
source for ILC This solution is answering the requirements of a high positron yield,
a reasonable PEDD and a realistic cooling system.

The transport of the positron beam from the target to the Damping Ring
is a delicate problem: we proposed an optical channel using a solenoid, after
the matching system, and a quadrupole focusing system. The chosen accelerator
just after the target is an L-Band structure allowing large enough geometrical
acceptance.

The work being developed here led to a possible solution of an unpolarized
positron source for ILC; the results can also be extended to CLIC, which presents
a more easier situation.

Some of the studies presented here may also be of some usefulness for the BEPC
positron source.
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Appendix A

Simulation code

The simulation code used in this project is written in Geant4 and G4Fot Toolkit.
It can simulate electromagnetic interaction between particle and medium, and
channeling effect in crystals. It can simulate the transport of particle in electric
and magnetic field. The code is hosted at Google code except G4Fot, the address
is: https://simpit.googlecode.com/svn/

It is an flexible and high automatic program, only an input macro-script is
need to address it. The code can do:

1. Construct geometry tree, and there is an built-in hexagonal geometry com-
posed of sphere.

2. Simulate electromagnetic interaction between particle and medium, electric
and magnetic field, polarization is considered. Simulate Channeling effect in
Crystals.

3. Built-in energy deposition density sensitive detector.

4. Detector particle cross boundary of cubic and cylindric(Z = +L/2 plane).

5. Simulate particle transport in electric and magnetic field. Built-in three
Capture Devices: AMD, QWT and Lithium Lens.

6. Input particle format can be HEPEVT format[50], or built-in format, or
random distribution.
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According to HEPEVT format[51], the first line of each primary event should be
an integer which represents the number of the following lines of primary particles.
Each line in an event corresponds to a particle in the /HEPEVT/ common. Each
line has

ISTHEP IDHEP JDAHEP(1) JDAHEP(2) PHEP(1) PHEP(2) PHEP(3) PHEP(5)
VHEP(1) VHEP(2)

ISTHEP(IHEP): Status code for entry IHEP, not used.

IDHEP(IHEP) : Particle identity, according to the PDG standard.
JDAHEP(1,IHEP) : Pointer to the position of the first daughter, not used.
JDAHEP(2,IHEP) : Pointer to the position of the last daughter, not used.
PHEP(1,IHEP

Momentum in the x direction, in GeV /c.

PHEP(3,IHEP

(1,1HEP) ;

PHEP(2,IHEP) : Momentum in the y direction, in GeV /c.
( ) : Momentum in the z direction, in GeV//c.
(

PHEP(5,IHEP) : Mass, in GeV /c?. For space-like partons, it is allowed to use
a negative mass, according to PHEP(5,IHEP) = —v/—m?.

VHEP(1,IHEP) : Production vertex x position, in mm.
VHEP(2,THEP) : Production vertex y position, in mm.

For the Built-in input and output particle format, each line corresponds to a
particle. Each line has

pdg eventID trackID x y px py pz Energy time Sx Sy Sz
pdg: Particle identity, according to the PDG standard.
eventID: Event identity, not used.

trackID: Track identity, not used.

x: Production vertex x position, in mm.

y: Production vertex y position, in mm.

px: Momentum in the x direction, in MeV /c.

py: Momentum in the y direction, in MeV /c.
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pz: Momentum in the z direction, in MeV /c.
Energy: Energy, in GeV.

time: Energy, in picoseconds.

Sx: x polarization in stokes vector.

Sy: y polarization in stokes vector.

Sz: z polarization in stokes vector.

The following macro-script is an example. It construct a 10mm thick tungsten
target, followed by a Imm thick particle detector, then a 20cm thick AMD capture.
The primary particles are shoot by built-in particle "gun”. Particle energy is
100MeV. It calculate the deposited energy in tungsten target, count particles at
the end of detector and AMD.

HURRBBURARBURARBRRARBRRD e QINHRRBRBRRHRBURARBURARRBRAY
/GP/Module/SetParameter / print.recursive.flag 1
/GP/Module/SetParameter / compact.flag 1

#target compact

/GP/Module/SetParameter / new.child target/
/GP/Module/SetParameter /target/ priority O
/GP/Module/SetParameter /target/ compact.flag 1
/GP/Module/SetParameter /target/ center.z O mm
/GP/Module/SetParameter /target/ set.geometry

/GP/Module/SetParameter /target/geometry/ material G4_Galactic
/GP/Module/SetParameter /target/geometry/ solid.type G4Box
/GP/Module/SetParameter /target/geometry/ solid.width 20 mm
/GP/Module/SetParameter /target/geometry/ solid.height 20 mm
/GP/Module/SetParameter /target/geometry/ solid.length 10 mm

#target compact

#/control/exzecute ./mac/target_compact.mac
/GP/Module/SetParameter /target/ new.child compact/
/GP/Module/SetParameter /target/compact/ priority O
/GP/Module/SetParameter /target/compact/ set.geometry
/GP/Module/SetParameter /target/compact/ set.event
/GP/Module/SetParameter /target/compact/ set.run

#/GP/Module/SetParameter /target/compact/geometry/ material G4_Galactic
/GP/Module/SetParameter /target/compact/geometry/ material G4_W
/GP/Module/SetParameter /target/compact/geometry/ solid.type G4Box
/GP/Module/SetParameter /target/compact/geometry/ solid.width 20 mm
/GP/Module/SetParameter /target/compact/geometry/ solid.height 20 mm
/GP/Module/SetParameter /target/compact/geometry/ solid.length 10 mm

/GP/Module/SetParameter /target/compact/geometry/ sd.active
/GP/Module/SetParameter /target/compact/geometry/ sd.type GPTargetSD
/GP/Module/SetParameter /target/compact/geometry/ sd.readout.cell.x 1 mm
/GP/Module/SetParameter /target/compact/geometry/ sd.readout.cell.y 1 mm
/GP/Module/SetParameter /target/compact/geometry/ sd.readout.cell.z 1 mm

##target count
#/control/exzecute ./mac/target_count.mac
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/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter

/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter

/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter
###target count

## capture

/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter

/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter

/GP/Module/SetParameter
/GP/Module/SetParameter

/GP/Module/SetParameter
/GP/Module/SetParameter

/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter
/GP/Module/SetParameter
### capture

/GP/Module/Update
/GP/detector/update
/GP/detector/update

#primary

/GP/primary/SetParameter
/GP/primary/SetParameter
/GP/primary/SetParameter
/GP/primary/SetParameter
/GP/primary/SetParameter
/GP/primary/SetParameter
/GP/primary/SetParameter
/GP/primary/SetParameter
/GP/primary/SetParameter
/GP/primary/SetParameter
/GP/primary/SetParameter

/run/setCut 1 mm
/run/beamOn 10000

/ new.child target_count
/target_count/ priority
/target_count/ set.geome
/target_count/ set.event
/target_count/ set.run

/target_count/geometry/
/target_count/geometry/
/target_count/geometry/
/target_count/geometry/
/target_count/geometry/

/target_count/geometry/
/target_count/geometry/
/target_count/geometry/

/ new.child capture/
/capture/ priority 20
/capture/ set.geometry
/capture/ set.event
/capture/ set.run

/capture/geometry/

/
10
try

material G4_Galactic
.type G4Tubs
.width 20 mm
solid.
solid.

solid
solid

height 20 mm
length 1 mm

sd.active
sd.type G4MultiFunctionalDetector
sd.scorer GPSurfaceParticleScorer

material G4_Galactic

/capture/geometry/
/capture/geometry/
/capture/geometry/
/capture/geometry/

/capture/geometry/
/capture/geometry/

/capture/geometry/
/capture/geometry/

/capture/geometry/
/capture/geometry/
/capture/geometry/
/capture/geometry/

type particleGun
particleGun.
particleGun.
particleGun.
particleGun.
particleGun.
particleGun.
particleGun.
particleGun.
particleGun.
particleGun.

solid.
solid.
solid.
solid

limit.
limit.

type G4Tubs
width 40 mm
height 40 mm
.length 20 cm

step.flag 1
step.max 2 mm

set.field_manager capture
field_manager.field.type O

sd.
sd.
sd.
sd.
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type G4MultiFunctionalDetector
scorer GPSurfaceParticleScorer
filter GPSurfaceParticleScorer

fixed.flag O
particle.type e-
energy.mean 100 MeV
energy.rms
position.z -5 mm
position.tr.rms 1.0 mm
angle.theta.mean 0.0
angle.theta.rms 0.0
time.rms 10 ps
polarization 0 0 1

-1.0 MeV

e+



exit
HBBURBBUUARBURARRRAR R end HBHRARBHRBBBUHRBBBURBRHEUA
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