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Zusammenfassung

In der vorliegenden Arbeit werden Moglichkeiten zum Aufbau einer hoch-
intensiven, polarisierten oder unpolarisierten Positronenquelle fiir Linear-
beschleuniger fiir Hochenergie-Experimente untersucht.

Im Gegensatz zu einer konventionellen Positronenquelle, bei der hochener-
getische Elektronen genutzt werden, um in einem dicken Target einen elektro-
magnetischen Schauer zu erzeugen, werden bei der untersuchten Quelle
Photonen in einem diinnen Target konvertiert. Die Photonen werden in einem
Wiggler oder Undulator generiert.

Eine Quelle diese Typs wurde 1979 von V.E. Balakin und A.A. Mikhailichenko
7zur Frzeugung polarisierter Positronen vorgeschlagen. Abgesehen von der
Moglichkeit zur Erzeugung polarisierter Positronen bietet eine Quelle die auf
der Konversion hochenergetischer Photonen beruht jedoch auch entscheidende
Vorteile hinsichtlich der maximal zu erreichenden Intensititen.

Zukiinftige Linearbeschleuniger benétigen Positronenquellen, deren Intensitit
existierende Quellen um ein bis zwei GréBenordnungen iibersteigt.

Der erste Teil dieser Arbeit konzentriert sich auf das Intensitdtsproblem.

Es ergeben sich folgende Vorteile fiir eine auf Konversion von Photonen
beruhenden Quelle:

I In dem diinnen Target ist die Vielfachstreunung der Teilchen geringer, d. h.
sie kénnen mit héherer Phasenraumdichte erzeugt werden, wodurch die Ein-
fangeffizienz um einen Faktor ~5 erh6éht wird.

IIDa das Target sehr diinn ist (< eine Strahlungsldnge), besteht die Moglich-
keit ein leichtes Targetmaterial mit hoher Wiarmekapazitdt zu verwenden.
Ein Vergleich verschiedener Materialien zeigt, daB die Positronendichte in
einem Target aus einer Titan Legierung bis zu zehn mal héher sein kann
als in einer Wolfram-Rhenium Legierung.

Nach der Optimierung aller Komponenten der Positronenquelle ( d.h. Photonen-
quelle, Target und Einfang Optik), werden Parameter fiir eine hochintensive
Quelle (bis zu 4-10'% e+/s ) zusammengefaBt und einige Probleme des
Betriebes diskutiert.

Der zweite Teil der Arbeit beschiaftigt sich mit den Moglichkeiten einer pola-
risierten Quelle.

Zur Beriicksichtigung der Vorginge im Schauer wurde in das existierende Monte-
Carlo Programm EGS 4 die Berechnung der Polarisationszusténde integriert, so
daB eine vollstindige Simulation der polarisierten Quelle moglich ist. Techniken
zur Optimierung der Positronenpolarisation werden diskutiert und verschiedene
Photonenquellen miteinander verglichen. Es wird gezeigt, daB mit Hilfe eines
helischen Undulators eine longitudinale Positronenpolarisation von bis zu 70%
erreicht werden kann.

Da nur der auf der Undulatorachse liegende Teil der Undulatorstrahlung
zirkular polarisiert ist, muB der Photonenstrahl kollimiert werden. Um eine
ausreichende Positronenintensitit zu gewihrleisten, muB der Undulator daher
ca. 150m lang sein, wihrend fiir eine unpolarisierte Quelle ein leicht zu real-
isierender planarer Wiggler von ca. 40 m Linge geniigt.



Abstract

In the present work possibilities for a high intensity, polarized or unpolarized
positron source for linear colliders are investigated.

In a conventional source, high energy electrons are used as primary particles
to generate an electromagnetic shower in a thick target. In contrast we
consider a source, based on the conversion of high energy photons in a thin
target. The photons are generated in a wiggler or undulator.

A source of this kind was invented in 1979 by V.E. Balakin and A.A. Mikhai-
lichenko for the production of polarized positrons. Beside the possibility of
generating polarized positrons, a source based on the conversion of photons
offers also important advantages with respect to the maximum obtainable
intensities.

Future linear colliders require positron sources, able to deliver intensities up
to two orders of magnitude higher than existing sources.

The first part of this paper deals with the intensity problem.

The following advantages arise for a source based on photon conversion:

I The multiple-scattering of the particles is reduced in the thin target, hence
the positrons are produced with higher phase-space density and the capture
efficiency is increased by a factor of ~5.

Il Since the target is thin (<one radiation length), one is able to use a low
Z material with high heat capacity. A comparison of various materials
shows that the positron density in the target can be up to an order of
magnitude higher in a titanium-alloy target than in a tungsten-rhenium-alloy
target.

After optimizing all components of the source ( i.e. photon source, target and
capture optics), parameters of a high intensity positron source (up to
4-10'"* e+/s) are summarized. Problems of the source operation are discussed.

The second part of the paper concerns the possibilities of a polarized source.
In order to take care of the processes in the shower, the calculation of
polarization states has been introduced into the already existing Monte-Carlo
program EGS4, so that a complete simulation of the polarized source is
possible. Techniques for the optimization of the positron polarization are dis-
cussed and various photon sources are compared. It is shown that a longi-
tudinal positron polarization of up to 70% can be reached by means of radiation
of a helical undulator.

Since only the on-axis part of the undulator radiation is circularly polarized,
the photon beam has to be collimated. In order to reach a sufficient positron
yield, the length of the helical undulator has to be roughly 150m, while for
the unpolarized source a simple planar wiggler of roughly 40 m length is suf-
ficient.
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Introduction

Future lepton colliders have to reach the energies above 300 GeV center-
of-mass. Due to the strong synchrotron radiation losses in storage rings, a
circular collider for these energies would be excessively large and expensive.
To overcome these problems, linear colliders are investigated as an alternative
concept. Somewhat different approaches are studied from groups, working on
JLC(KEK), NLC(SLAC), VLEPP(BINP), CLIC(CERN ), DESY/THD and
TESLA. An overview of these projects is given in ref. 1.

In order to reduce the power consumption, linear colliders have to work in a
pulsed mode with a repetition rate between 10 Hz and 1.7 kHz. During one
rf-pulse up to 800 electron bunches and positron bunches will be accelerated
in two linear accelerators, respectively, and brought into collision at the
interaction point. The center-of-mass energy envisaged for the first stage of
operation ranges from ~300 Gev ( above LEPII) up to 500 GeV. Later it might
be increased to 1TeV and 1.5 TeV, respectively.

The high energy physics potential of linear colliders is governed by the search
of the top quark, the Higgs boson and supersymmetric particles. Details can
be found in ref. 38.

A common feature of all linear colliders is the requirement of a huge number
of particles per second which have to be delivered from the particle sources.
Source requirements of the above mentioned projects and, as reference, of the
SLC project are collected in table 1.

SLC | JLC | NLC | VLEPP | CLIC | DESY/ | TESLA
THD
Ne+*/pulse [ 10'°] 5|8 | 63 20 0.6/ 360 | 4000
number of
bunches per pulse 1 70 90 i 1 172 800
bunch spacing [ ns ] - 2.8 1.4 - - 12 1000
rep. rate [Hz] 120 | 150 | 180 150 | 1700 50 10

Tab. 1 Source requirements of various linear collider projects

Even if a part of the particles can be collected and recycled after the collision
[ ref. 2,31, the requirements for the positron sources are still above the cur-
rent SLC source at SLAC which is, up to now, the positron source with the
highest intensity.

A strong limit for the intensity of positron sources is given by the thermal
stress which is built up in the conversion target due to the energy deposition
of the pulsed primary beam.

The superconducting TESLA proposal requires the highest positron intensity
of all linear collider designs. However, due to the large bunch spacing, the
thermal load problems in the target can be relaxed by means of a rotating
target-wheel [ ref. 4, 5]. Hence the thermal load problems are more critical
for the S-band approach of DESY/THD where 3.6 %102 positrons per pulse
with 50 Hz repetition frequency are required[ ref. 6 ].

-1 -
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At SLAC a 33 GeV electron beam strikes a 6 radiation length thick target of
high Z material (W - Re - alloy). Per incident electron more than 50 positrons
are generated [ ref. 7 ] from which only one is captured, accelerated and trans-
mitted into the damping ring, so that the over all efficiency e’/ e~ ~1.
Numerical calculations show that a maximum temperature of 720° C will be
reached, if 7#10' electrons strike the rotating target; nearly 8 kW thermal
energy would be deposited in this case (120 Hz rep. rate). Due to stress
estimations the maximum allowable intensity is limited to 5.3%10'% electrons
per pulse [ ref. 8 1.
In the present paper a scheme is investigated which is based on a proposal
of V.E. Balakin and A.A. Mikhailichenko for the production of polarized
positrons [ref. 9 ]. A similar idea was proposed in ref. 10.
The schematic layout of the source is shown in fig. 1.0. The 250 GeV electron
beam is used after the collision as a primary beam. Due to the strong
beam-beam forces very intense y-radiation is generated during the collision
process called beamstrahlung. This results in a considerable energy spread
within each bunch after the collision. However, typically more than 70X of
the particles are still within a bandwidth of *3X%. After travelling through a
special matching optics [ ref. 2, 11 ], the beam emittance is still small enough
to pass the subsequent wiggler section. Here photons with a mean energy of
~20 MeV are emitted into a narrow cone which will be converted into electron-
positron pairs inside the target, while the primary electrons are deflected by
a dipole magnet. Before the positrons can be accelerated, they have to be
captured in a matching optics, the so called adiabatic matching device. This
part of the source is similar to that of a conventional source. The positrons
have to be stored for a short time ( some ms) in a damping ring (at E=3-5GeV),
in order to reduce the emittance by means of radiative damping, before they
can be accelerated in the main linac and brought into collision with the
opposite electron beam.
Beside the possibility to generate polarized photons inside the undulator which
are converted into polarized positrons, undulator or wiggler radiation can
also be used to design a high intensity source which is able to fullfill the
requirements of the DESY/THD proposal [ ref. 11, 12 ].
In the proposed scheme a very thin target (< one radiation length) can be
used. Thermal load problems in the target are reduced due to two effects:

- one is able to use a low Z material with high heat capacity

- the divergence of the positron beam is small, hence one gets a high cap-

ture efficiency of the optics behind the target.

The first part of this paper concentrates on problems connected with a high
intensity source. Our standard electron beam energy will be 250 GeV except
for ch. 1.6.3 where the operation at various energies will be discussed. In
ch. 1.6 design parameters for an unpolarized DESY/THD source and a TESLA
source will be given. The second part of the paper deals with the possibilities
of a polarized source.



1.0.0 A high intensity positron source based on wiggler radiation

After a brief discussion of the effects in electromagnetic cascades, the influ-
ence of the photon spectrum on the positron spectrum will be investigated.
In the following chapter suitable target parameters will be determined, while
the first elements of the optics behind the target will be optimized in ch. 1.5.

1.1.0 Properties of electromagnetic cascades

A high energy photon passing through a material can create an electron posi-
tron pair in the field of a nucleus ( pair production). These charged particles
again lose energy on their way through the material via collision and radiation
processes. The collisions account for the majority of heat deposition in the
material, while photons generated by radiation processes i.e. bremsstrahlung,
may once more produce electron positron pairs. This sequence continues, i.e.
the total number of electrons, positrons and photons increases exponentally
in a material, while the mean energy of the particles decreases. However, the
development of the shower is limited due to the ionization losses. Therefore
the electromagnetic cascade begins to decay if the mean energy of the particles
drops below a critical energy Ec. Ec is the energy where:

dE dE

" "dx brems T T "dx ion
is fullfilled. We find:
Ec~ 10 MeV for lead, see fig.1.3

Pair production and bremsstrahlung are essentially inverse processes ( see
Feynman graphs fig. 2.2 ), hence they can be characterized by a common
parameter called the radiation length Xo. The connection of this parameter
with the cross section of the processes will be discussed below. Here we
emphasize the meaning of the radiation length from a more phenomenological
point of view:

Within a distance of one radiation length, a photon creates on the average a
pair, while an electron or positron loses all but a fraction of 1/e of its
energy due to bremsstrahlung.

The radiation length values of various materials can be found in tables ( e.g.
ref.15) and are approximatively given by:

Xo'[emT = 22NA 4 7(Z+ 1) re?In (183 272 #p

NA = Avogadro’' s number

A = atomic weight

Z = atomic charge

re = classical electron radius
a = 17137

p = density of the material



Since, for important electromagnetic processes ( bremsstrahlung, pairproduction
Coulomb scattering ), some or all of the dependence upon the medium is
contained in the radiation length, it is convenient to measure the target thick-
ness in terms of radiation length. Then the shower development is to first

order of approximation independent of the material.

1. 1.1 Photon interactions

Photons interact with material mainly through three processes: photoelectric
effect (1), Compton scattering (GINCOH ) and pair production (Kn). The photon
cross section as a function of the photon energy in a low Z material (carbon)
and a high Z material (lead) are plotted in Fig. 1.1. We are interested in energies
above 2 MeV where pair production takes place.
The Compton scattering cross section is still high between 2 and 10 MeV ( for
the low Z material ), however, its influence on the shower properties is small.
It will be disscused in more detail in ch. 2.3.2 in connection with polarization

effects.

Pair production is a mechanism whereby a photon is completely absorbed and
an e’ e - pair is produced.

b

CROSS SECTION , BARNS /ATOM

10 mb|

x\ L e N I —
\ CARBON (216€) n i \‘so i
. .7 LEAD (Z+82)
AT 7 WY,
[% | Mbj— Ve ‘ ]
© \ s | ; |
B ‘.: N g N '
% I S % oy « EXPERIMENT
- — g e Teom \ .
- .",_ Tpor +EXPERIMENT §.
Teon 3 5oL
==\ :
o, :
/ ol mco«/
B / Tincon i / -
= ]/ ; .;V 10 / |

10

4 1%V

1 Mev 100 Gev oW

PHOTON ENERGY

(207
PHOTON ENERGY

100 GeV

Fig. 1.1 Photon total cross section as a function of energy in Carbon and

Lead [ ref. 58]
T

= atomic photo-effect

0coH = coherent scattering ( Rayleigh scattering )
OINCOH = incoherent scattering ( Compton scattering )
Kn = pair production, nuclear field

Ke = pair production, electron field

OPH.N. = photonuclear absorption
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The cross section for pair production is constant for high energies. Multiplying
the number of atoms per unit volume n = p* NA/A with the high energy limit
of the pair production cross section op one obtains the probability of a pair
creation by a high energy photon within a material layer of thickness x:

P=1-e *N°P

which can also be written as:

P=1-¢ 9Xo
Hence we get:
nop = - Xo™ (11)

Fig.1.2 shows the probability of finding the electron or positron with the
fractional energy E/Ey for various photon energies Ey. The particles are
roughly equally distributed between 0 and Ey except for very low and extremely
high photon energies.

Another important process, called the giant resonance in nuclear physics, is
described by the photon-neutron cross section OPH.N. in Fig.1.1. This cross
section is small compared to the pair production, however, it leads to an
induced radioactivity in the target which is a problem particularly for high
intensity sources. We will discuss this topic in more detail in ch. 1.6. 4.



1.1.2 Electron interactions

During the bremsstrahlung process the electron loses in most cases only a
small fraction of its energy, in contrast to the pair production where the
photon is completely absorbed. Hence the energy loss as function of the energy
is a more convenient function for the characterization of electron interactions
than the cross section.

The probability %%—,‘(Q— that a high energy electron ( E>> moc2-Z /3 ) will
emit a photon of energy k, while passing through a material layer of thickness
dx, is given by:

SEL =L -1 REK)
F(Ek) ~ 1+ (Egk)? . 2(EK,
Hence the spectrum of bremsstrahlung photons has roughly a 1/k shape.

The average total energy loss per path length dx for a high energy electron
follows from:

E
_dE _ B(E.X) .
ax —k_o-—ai—a-glx k dk
to be
-.dE ., E
dx Xo

This is also shown in fig. 1.3, where the fractional energy loss per radiation
length for collision and radiation processes in lead is plotted.
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Fig. 1.3 Fractional energy loss per path length dx in units of radiation length
in lead versus electron and positron energy, respectively [ ref. 59 ].



The energy loss for bremsstrahlung per radiation length is, in the high energy
limit, independent of the material. Thus, as already mentioned, the electron or
positron loses on the average all but a fraction of 1/e of its energy within one
radiation length.

Mg ller scattering, Bhaba scattering and positron annihilation can be neglected
for our purpose.

The ionisation loss scales like l/fi2 (B=v/c) for energies below ~1 MeV, so
that charged particles with energies below 1 MeV lose their energy nearly in-
stantaneously.

Above ~ 2 MeV the ionization loss is independent of the energy and given by
AE<2 MchmZ/g. ( The loss is roughly independent of the material. Detailed
values for various materials are given in ref. 13. ) The loss per radiation
length is then obtained by:

AE[MeV] = At [MeVem?/g 1* o[ g/cm®1*#Xo[ecm]1 (1.2)

Since Xo scales like (Z?*p)™ the ionization loss per radiation length becomes
larger for a low Z material.

In addition to the energy loss caused by ionization (i.e. soft collisions), hard
collisions with atomic nuclei lead to multiple scattering and a lateral spread
of the shower. (The contibutions of other processes like Compton scattering,
pair production, bremsstrahlung etc. to the lateral spread out are negligiblly
small.) The theory of multiple scattering has been worked out by Moliere
[ ref.14 ] and extensions and improvements have been treated by various
authors.

According to ref. 15 the rms-scattering angle for a charged particle traversing
a medium is:

Orma = —2ZIMVI 20 14 02in(s/%0) ] (13)

= path-length of the particle in the material

wn
[

If we compare targets with the same thickness in units of the radiation length,
we find Opms to be independent of the material. But the rms-displacement
of a particle at the end of the target due to multiple scattering is given by:

Yrms = }3_ * @rms*s ( 1.4 )

Thus the rms-displacement of the particles scales with the geometrical
target thickness rather than with the radiation length.



1.2.0 Characteristics of undulator and wiggler radiation

In the proposal of V.E. Balakin and A.A. Mikahilichenko [ref. 9] helical
undulator radiation was used to generate polarized positrons. Our emphasis
in this section is more on high positron intensities rather than polarization.
Hence we can use a planar wiggler for the photon generation which is much
easier and less expensive to build but produces no longitudinally polarized
photons. Alternatively we can use a helical undulator with parameters (i. e.
field and period length) chosen unrestricted by polarization considerations.
The advantage of helical undulator radiation is that compared to wiggler
radiation more high energy photons are produced which can then be converted
into pairs.

Hence we first try to estimate the positron spectrum for various undulator
parameters and also for a planar wiggler.

1. 2.1 Radiation of a planar wiggler

A planar wiggler consists of a row of short dipole magnets with constant field
strength but alternating field direction. For a large period length Aw
(Awlcm]* B[T] >>1) the photon number spectrum, dNph/dE, of the rad-
iation can be approximated by means of the well known spectrum radiated
by an electron in a dipole magnet:

(o]

dfeh [ty eedd Ef Ks, (€) d
£ = 2pw
3cys
w = frequency of radiation
p = radius of electron path in the dipole magnet
y = relativistic y factor of the electron
K%E modified Bessel function

1. 2. 2 Radiation of a helical undulator

A helical undulator is a device in which the electrons pass through a trans-
verse magnetic field whose direction revolves around the beam axis. Owing to
the field pattern given by:

Bz = B[cos( 2)7\ruz ), sin( 2)7\ruz ), 0 J
Au = undulator period

the electron moves on a spiral trajectory.
The helical field may be produced by a pair of conducters wound to a double
helix, as sketched in fig. 1.4. When currents in opposite directions are passed



through the two conductors, the central axial magnetic field is cancelled and
the spiralling transverse field pattern appears.

0000000000

Fig. 1.4 Principle layout of a helical undulator

The radiation spectrum of a moving charge is calculated by means of the
Lienard-Wiechert integral [ ref. 16 ]:

n

d?1 _ e*w?

_ iw(t-
Iw, 0) = 4590 = 16 T3c0C

r(c) ) 2
c dt| (15)

fnx(nx B(e)) e

n = unit vector in direction of observation
) = solid angle
r(c) = electron trajectory
_odr() 1
B(r) = dt ' c

Introducing the dimensionless parameter K

K ==L — _xB*\u
2T g C
(16)

0934 * B[T] * ulcm]
the electron trajectory is given by:

r(e) = [rsin(%u t), rcos(l)-ﬁ-léﬁ t), Bet |

with B

2 .1/
B(1-3)
- Klu

2T Y

r

i.e. the electron moves with a constant velocity B*c in zdirection while it
describes a circle with radius r.

K is the pitch angle of the electron trajectory.

The radiation spectrum of an undulator is determined by the two independent
parameters Au and B or by the more convenient parameter set K and Ei:

2
Ei =hws = h4_7TY_C.___ 1.7
PEAO= A0 0K) A (17)

The K-value of the undulator determines the shape of the radiation spectrum,
while the energy of the first harmonic E1 defines the scaling of the energy
axis.

- 10 -



The photon number spectrum for a helical undulator integrated over the
solid angle is[ref. 17]:

6.3 e 2
(Ll\éph mlMeV ] B 47{130 22 h? —K—:nz::( () +[—01[<—n - % :I Jnto® )
(18)

the sum has to be evaluated only for

2
an’= [ na-@tU2K ) g2,

%)
X = 28Kx —9——_ xqo
w1 (1+K?) n
Jn= Bessel functions

In fig. 1.5 the photon spectrum of a helical undulator is plotted for various
K - values, as well as the photon spectrum of a strong planar wiggler.

Substituting - = E = r one finds:
w1 (1+K?) E1 (1+K?)
dNph __ 10°¢€° K2 2, 2 _a_n__L:IZ 2
dr =~ smeoc2 K2 ¥ 72*E1(1+K )Z(Jn(x) +[K X Jn6x) )
=~ 0.25
o
% ..... K=0.5
£ --- K=1.0
> 02 — K=15, B=1.76 T
5 —— planar wiggler, B=176T
Z
0.15
0.1
0.05
1.| ..... Josoedo s adan s ]A.;l ‘\l——i__l__-r_—x_-_
O i
30 40 50
E Mev

Fig. 1.5 Photon number spectrum for helical undulators and a planar wiggler,
E =250 GeV. We will discuss the spectrum of a helical undulator in more detail

in ch. 2.6.0.
- 11 -



It follows that the total number of photons Nph = f —-L dE is:

— linear in E1

— and, since Ei is proportional to v2, independent of y (Au fixed).
The sum depends only weakly on K, therefore we derived from our numerical
results the approximated formula for the total photon production:

* (14.36 - 2.78 x K) x K2 (1+K2)*—Y[-§Xl

2
~ (3.56-0.69*K)*K*/Mulcm] (19)

for 0 <K < 3

A comparison of this approximation with numerical results is shown in fig.1.7.
1.3.0 Influence of the photon spectrum on the positron spectrum

In order to investigate the influence of the photon spectrum on the positron
spectrum we can use a simple model for the pair production. The advantages
of this crude approximation which will later be confirmed by Monte-Carlo
calculations are: (1) it is much faster than any Monte-Carlo approach and
(2) it allows to separate effects of the photon spectrum from effects of the
shower, like particle loss due to ionisation and bremsstrahlung etc. .

The positron production by one photon of energy E in a thin target (t<1)
can be approximated by the linear expression:

Ne+(E) = S(E)*t
t = target thickness in units of radiation length
S(E) = K, *p * NA/A * Xo

S(E) represents the probability for the positron production per radiation length
(Kp = cross section for pair production see fig.1.1 ). K, is approximated by
the function [ ref. 11 1:

S(ey = 0 for E < 1.6 MeV
S(E) = 0.14 In(1.5 Ef MeV ]) - 0.117 for 1.6 MeV <E <400 MeV
S(E) =7/9 for E = 400 MeV

Assuming that the positrons produced by photons with energy Ey are equally
distributed over the energy range from 0 to Ey, which is a good approxima-
tion only for Ey 210 MeV, one finds the positron spectrum by :

dNe+(Eo) _ [ dNph
dE dE

* %*S(E)dE *t

Fig. 1.6 shows the resulting positron spectrum for two different photon spectra,
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namely for the undulator spectrum with B=176, Au=0.9cm, K= 15 (solid
line, energy of the first harmonic Et =20 MeV) and for a wiggler with B=176 T.
The wiggler produces more low energy positrons which are difficult to collect
in the subsequent optics but contribute to the thermal stress of the target.
The difference between the spectra is however amazingly small.

The dependence of the positron production on the parameter K for a helical
undulator is plotted in fig. 1.7. The energy of the first harmonic is fixed at
E1=20 MeV. -

The three lines show the total photon production Njjtot =f —%I%p—}-‘- dE, the
{ .dNe: .

total positron production Ne. tot = dE dE and the positron production in
20
the energy range from 2 to 20 MeV Ne+= dd%e’ dE which is the energy

acceptance of the SLC source.

While the three lines increase with increasing K-values the conversion efficiency
Ne. tot/Npptot and even the ratio of the positron production in the range
2-20 MeV to the total production decreases. .

In order to minimize the thermal stress in the target, the capture efficiency
of the subsequent optics which is related to the ratio Ng.tot/Ne., is an
important factor.

0.15 T 7
0.10 - i
0.05
C.0 ’ I
0.0 10.0 20.0 30.0
E[MeV]

Fig. 1.6 Estimated positron spectra for a wiggler with B=1.76 (dotted line)
and a helical undulator with B=1.76 T, Au=0.9 cm(solid line) at 250 GeV
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Fig 1.7 Dependence of the photon production and the positron production per
radiation length on the parameter K, E1=20MeV, E= 250 GeV; dotted line:
approximation according to eq. 1.9
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Fig. 1.8 Dependence of the positron production per radiation length on El;
K=1, E=250 GeV
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Fig. 1.9 Positron spectra for various Ei; K=1, E=250 GeV

Fig.1.8 and fig.1.9 show plots for the variation of the energy of the first
harmonic E1 with fixed K-value: K=1.

To get a good impression of the influence of Ei on the spectrum of the
positrons, the length L of the undulators has been varied, so that the amount
of positrons in the range between 2 and 20 MeV is the same for the three
cases plotted in fig. 1.9.

The positron spectra indicate that there are too many low energy positrons at
low K-values and at low energies Ei. Low energy positrons, as well as high
energy positrons well above 20 MeV ( very high K or El ), will not be
collected in the subsequent optics.

However, for technical reasons one will anyway be limited to parameters of
B<1.8T, Au2 0.5cm, i.e K~ 1.5, E1~20 MeV.

For the detailed calculation of the electromagnetic shower the Monte-Carlo
code EGS 4 was used [ ref.18 ]. See ch.2.2.1 for a description of the program.
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Fig. 1.10 Comparison of positron spectra calculated by means of the approximative
method and by means of the shower code EGS 4

In fig.1.10 a spectrum obtained with the approximative method is compared with

results as given by EGS 4. Both curves are normalized to j’o %I;y dE = 1, other-

wise the Monte-Carlo results would be below the approximative curve. The
approximative approach tends to overestimate the total positron yield due to
the lack of particle losses. The shape of the spectrum, however, is in good
agreement with the Monte-Carlo results, except for energies below ~3 MeV
where the increasing ionisation losses cause strong particle loss.

Hence we can conclude that a high intensity positron source can be built
either with a strong planar wiggler (B~ 1.7T) or with a strong helical undu-
lator. The energy of the first harmonic of the undulator should be between
15 MeV < E1<25MeV and the K-value can be as high as 1.5.
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1.4.0 The target and related thermal load problems

The most severe problem for the target of a high intensity source is the mech-
anical stress which is introduced in the target due to the deposited energy
of the shower.

The problem can be relaxed by means of a rotating target.

Since the repetition rate of linear colliders is between 10 Hz and 1700 Hz (see
table 1), subsequent shots can easily be separated on the target, so that the
maximum temperature rise occurs within one shot. In case of TESLA it is even
possible to spread out the bunch train of 800 bunches over a distance of the
target, as will be discussed later. For all other projects the energy deposition
of the bunches within a bunch train will add up in the target. Since this hap-
pens much faster than thermal relaxation processes, it can be regarded as an
instantaneous energy deposition.

The heating of the target is mainly determined by the ionisation loss of the
charged particles which is approximately A€ > 2 MeVcm?/ g per particle. ( Con-
tributions of other processes like Compton scattering to the enrgy deposition
in the target are negligible small.)

Hence, the energy deposited by one charged particle in a target of thickness s
is (eq. 1.2):

E[J]=2 *106[5‘;—c'ﬁ]* 1'6*10-19*9['&%:? ] * s[cml]

In order to get N positrons, 2* N#* 1 particles (electrons and positrons) have
to emerge from the target. The factor n describes the overproduction which
is necessary to compensate the limited efficiency of the capture optics behind
the target. Thus the temperature rise in the target per pulse can be estimated at:

_ 2xN*xn*2%10°%16%10 Pxpx g J N, 1
AT[K]= c¥p % A¥Z % (1.10)
= 1
¢ = heat capacity [ g K ]

A

1it

source area [ cm2]

We will compare this estimation with numerical results in ch.1.4.2.
There are three more or less free parameters which determine the temperature:
- the heat capacity of the target material c
- the efficiency of the capture optics 1/n
- the source area A
An increased source area counteracts a high capture efficiency, because it
lowers the phase-space density of the particles emerging from the target.
This will be discussed in ch. 1.5, while in the following chapter suitable target
parameters will be determined.
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1. 4.1 Choice of target material

A conventional positron source requires a target of many radiation lengths
thickness for the full development of the electromagnetic shower. Low energy
positrons which are produced in the first steps of the cascade will not emerge
from the target due to the ionization losses inside the material. The ionization
loss per radiation length depends on the material and is lower for high Z
materials. If we consider a reference particle of 10 MeV we can calculate the
maximum depth from which the particle reaches the end of the target ( brems-
strahlung is neglegted; eq. 1.2 ):

10 [ MeV
Sescape/ Xo = MeVem? [ - g]
2 [__?——-] p[cma]-)(o[cm]
Material yA Sescape’ X0
A 74 0.74
Cu 29 0.39
Ti 22 0.31
Al 13 0.21

Tab. 2 Escape depth for a reference particle of 10 MeV for various materials

As seen from table 2 low energy particles can emerge from a thicker layer
(in units of Xo) in high Z materials. Thus one must use a high Z material
in conventional sources in order to get a sufficiently high positron yield.

In thin targets, however, the conversion efficiency is to first order independent
of the material, hence it is possibile to use a low Z material. Thermal load
problems are in general somewhat relaxed in low Z materials, due to the
higher heat capacity ( Dulong-Petit-rule).

In fig. 1.11 the positron yield Ye*, i.e. the total number of positrons emerging
out of the target, for a 1 m long wiggler is plotted for various materials.
For thicknesses above 0.5 Xo the yield function has a broad maximum before
it decreases.

A strong planar wiggler was used as the photon source in fig. 1.11. For a
helical undulator with equal magnetic field the yield would be ~ 6% higher
for a 0.4 Xo target.

The yield for low Z materials is only 10% — 20X worse compared to tungsten,
hence we have at our disposal a large choice of target materials. In order to
find a suitable target material we will discuss mechanical stress, cooling
properties and thermal load of the target in the next subsections.

- 18 -
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Fig. 1.11 Positron yield for various materials obtained with wiggler photons
(B=1.7T, S=1m) versus target thickness in units of radiation length; E = 250 GeV

1. 4.2 Mechanical stress

The stress introduced in the target due to the thermal load depends on the
final mechanical design of the target (boundary conditions) and can in detail
only be calculated by means of numerical methods ( e.g. the finite-element-
method ). This has been done at SLAC for a tungsten-rhenium-alloy target
[ref.81]. '

In order to compare different materials, however, it is convenient to combine
material constants with respect to their proportionality to the mechanical
stress Pt, induced by heating:

Pe ~ AT o E
a = coefficient of linear expansion (K]
E = elastic modulus [N m?]

For example the radial stress Pr of a circular plate with fixed boundaries
which is uniformly heated up by a temperature difference of AT is given by:

a E
-y

Pr = - AT

¢ = poisson ratio p< 0.5
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The poisson ratio y is defined as the ratio of the lateral contraction Ad/d to
the linear strain Al/l:

i connects the elastic modulus with the bulk modulus K and the modulus of
rigidity G:

__E
K=3020
_ _E
G”2(1+u)

Since y depends only weakly on the material ( a typical value is p=0.3), it is
sufficient for our purpose to concentrate on the tension stress.

We set:

ATmax ~ -3:— - P ( see eq. 1.10)

c = heat capacity

? is the maximum particle density at the target exit. In the radial direction
it refers to the center of the distribution.
Hence we get:

Pt max ~ —% E . ?

c

Pemax denotes the maximum stress which occurs in the target. We define
a specific stress Ptsp which contains the material dependence:

Ptsp = aE

and get:
Ptmax ~ Ptsp - §

Now we substitute Pt max with the maximum allowable stress Po.2, called the
0.2X% yield strength, which is the stress where the material deformation ceases
to be elastic. (For many materials only data for the ultimate tensile strength
are obtainable which, in general, is only slightly higher than Po.2.)

We get:

A Po.2
P Pt sp

In table 3 material constants and the ratio Po.2 / Ptsp are summarized for an
assortment of different materials.
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The ratio Po.2/Ptsp is up to an order of magnitude larger for a titanium
alloy than for the tungsten alloy used at SLC, i.e. the particle density of the
positrons emerging from the target can be up to an order of magnitude
higher in a thin titanium target than in a thick tungsten target, while the
yield is only about 16X less. Good experience with these materials has been
made at SLAC where titanium alloys are used in high power scrapers and
collimators [ref. 13,19 ].

We have extended our material comparison only on commercially available
alloys up to now, however, new high temperature materials on the basis of
titanium-aluminide and titanium-silicide are currently under investigation in
several laboratories. They might increase the ratio Po.2/Ptsp above the
values obtainable with conventional alloys in the near future.

Material c o E |Po.2 | Po.2 P A A |Tmeit
*10"°|»10"! | x107 | Ptsp cp
w 014 | 4.4 (345 | 410 | 38 |19.3 | 163.0 |60.3| 3360
W-26RE | 013 | 5.0 {4.00 | 91.0 | 60 - - - | -
Cu 039160 {120 [400 | 80 | 9.00 3840 [110| 1083
Ti 052 | 84 | 116 | 550 | 294 |454| 155 | 7.0| 1665
Ti-5A1-2.58n | 052 | 93 117 [863 | 412 |446| 7.3 | 30| 1550
TEBV- 1 562| 88 (098|961 | 691 |482| 75 | 25| -
11Cr-3Al
Al 099 [231 |073 | 25.0 | 148 | 27 | 2330 |86.0| 659

Tab. 3 Comparison of material constants. Most properties are functions of
the temperature, but only a few of them were measured at high temperatures
(W, W-26RE: colum 1-4; T=1000K, all others at room temperature). The
temperature dependence of the ratio Po.2/Ptsp, however, is somewhat
depressed due to the similar behaviour of the elastic modulus and the 0.2%
yield strength.

( ¢ = heat capacity J/gK; a = coefficient of linear expansion K% E = elastic
modulus N/ m?; Po.2 = 0.2% yield strength N/ m?; p = density g/cms; A = coef-
ficient of heat conductivity W/mK; Tmelt = melting-point °C .)

1. 4.3 Thermal load problems

In a thin target the number of charged particles increases roughly linearly from
the beam entrance to the beam exit. Therefore we can estimate the energy
deposition Edep(z) per positron emerging from the target as a function of
the longitudinal coordinate z in the target to be:

Baep ()| MV - gup[ Me¥em® Tu o[ Ko | w2
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where s denotes the target thickness (factor 2 for the electrons accompanying
the positrons).

The density p is smaller for low Z materials but the geometrical target thick-
ness is much larger, hence the total energy deposition is larger in light mater-
ials, even though the temperature rise is less.

Fig. 1.12 shows a comparison between this simple model and results obtained
with the EGS4 code for a tungsten and a titanium target.( For comparison the
longitudinal coordinate was scaled to the respective radiation length. )

100

MeV/e+

dEdeQ

\ Sl -
I

rT‘I—JILJ_XllIl!lI!IIIIIII'IIl"l'llllll!

0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
x
Z Xo
Fig. 1.12 Energy deposition per positron as a function of the longitudinal
coordinate (in units of Xo) in the target for tungsten and titanium

The longitudinal distribution of the deposited energy is well approximated by
the simple model. An interesting result of the EGS calculations is the decrea-
sing energy deposition at the end of the target, where the particle density
reaches its maximum. During an ionisation process energy is transferred to
knock-on electrons which perform a random walk while they deposit their
energy. At the border of the target the knock-on electrons can leave the
target, thus the energy deposition is reduced.

In addition to the calculation of the longitudinal energy deposition the total
deposited energy was calculated by means of EGS. Results, scaled to 104
positrons emerging from the target, are shown in table 4. The simple analytic
model underestimates the total energy deposition by some ten percent.
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total deposited energy
per 10'* positrons [ ] ]
Material target thickness:
0.2 Xo 0.4 Xo
W 52 110
Ti 127 295

Tab. 4 Total deposited energy in a tungsten and a titanium target for different

target thicknesses

For a given material the maximum temperature rise is proportional to the

maximum positron density of the shower whic

h depends on the distribution

of the oncoming y-beam and of the scattering in the target.

While the rms- scattering angle scales with the target thickness in units of
the radiation length (eq. 1.3), the lateral spread of the primary beam in the
target scales with the geometric thickness of the target (eq. 1.4) and hence

positron density
[1/mm?]

.789-J
-588
-56880
-480
-380 1
.2880 -

-188

. 508

1.58 2.08
beam width ox.y [ mm ]

Fig. 1.13 Maximum positron density per positron at the target exit versus beam
width for titanium (+) and tungsten (*) ( target thickness 0.4 Xo)
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is larger for a low Z material. This effect reduces the phase-space density
of the positrons emerging from the target. However, if a high positron yield
is required, the source area is not limited due to multiple-scattering but is
due to the maximum allowable particle density in the target which determines
the maximum temperature rise.

The particle density of the positrons as a function of the spot size (ox=oy)
of the oncoming vy beam is plotted in fig. 1.13. Results of an EGS calculation
with a point like y-beam have been used. Gaussian- distributed random
numbers with various sigmas have been added to the radial coordinate of the
outgoing positrons, so that the particle density in the center of the distribution
could be extracted from a histogram plot.

Fig. 1.13 shows the particle density scaled to one positron emerging from the
target for various sigmas and different materials ( target thickness 0.4 Xo).
The solid line shows the density that would be expected if there were no
scattering in the target. For small sigmas the scattering is more dominant,
hence there is a large difference between titanium and tungsten which
vanishes for larger sigmas, i.e. to obtain a given particle density of positrons
emerging from the target the spot size of the y-beam has to be somewhat
smaller for titanium than for tungsten.

To estimate the maximum allowable particle density inside the titanium target,
we scale numerical calculations which where performed by E. M. Reuter et al.
for the SLC positron source [ ref. 8 ].

The geometric proportions of the SLC target ( 6 Xo tungsten-rhenium-alloy
= 2.1 cm) are comparable to a thin titanium target (0.4 Xo titanium<e 1.42cm),
while the longtudinal temperature gradient would be much higher in the case
of a thin tungsten target (0.4 Xo tungsten=0.4cm), i.e. the longitudinal
gradient would be of the same order of magnitude as the radial gradient in
this case.

The maximum allowable temperature AT calculated in ref.8 for the SLC target
was about ~ 700 K. Hence the maximum positron density P+ can be estimated
to be:

A _ AT * ¢ - 14 e’
O = o 2x106x 1oxt0 0 A 10 [cmz]

c = heat capacity

In titanium alloys the heat capacity is a factor of ~5 larger. In addition, the
material can withstand the stress of a larger temperature rise, so that in total
the particle density can be up to an order of magnitude higher (see tab. 3).
However, for safety reasons we choose only a factor of 5. Therefore the
maximum positron density will be:

AL o 14 e’
pr = 7x10" [ £ ] (1.11)
which leads to a maximum temperature rise of:

ATmax = 720 K.
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1. 4.4 Heat flux properties of the target material

In order to find characteristic parameters for the cooling of the target, we
consider the stationary heat flux through a cylindrical wall which is given
by:

Q=27n*Lx A *AT*1n ‘;‘;

L = length of the cylinder
A = coefficient of heat conductivity [%]

ro/ri = outer/ inner radius of the cylinder
AT = temperature difference

During a shot ( t=0) the cylinder is uniformly heated, by a temperature ATo:

- Qo
ATo = cH*p*m* ri2x L

Qo = total deposited energy

Thus we get: 0
- _ * *S!o r
Qt=o0 = cxp*nz In T2
t .
The total heat flux to the enviroment is given by Q(t) = f Q(t) dt. We find:
0
-t
Q(t) = Qo(1-e to)
; 1 __2*xx o
with to ~ c*p*ri? *In -

The temperature of the target is given by:

-t
T(t) = Toe to

Therefore the cooling of the target is characterised by the parameter E%‘,—é-
which should be as high as possible. Material constants are summarized in
table 3. The cooling capability of titanium is more than an order of magnitude
less than that of tungsten. This, however, is not a principle problem, since
even in the case of a tungsten target a rotation of the target is necessary to
avoid a superposition of subsequent shots on the target. The time for cooling
is then given by the circumference and the rotational speed of the target
wheel, i.e the titanium target has to be larger than a comparable tungsten
target.

More details of the cooling of the target will be discussed in ch. 1.6.
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In this chapter we have shown that titanium alloys are suitable materials for
the thin target of a wiggler based positron source. We have estimated that
the maximum positron density in the target is o+ = 7% 10" [—:;;—5- ] which
contains a safety factor of 2.

Moreover the total heat load and the effect of multiple-scattering on the spot

size have been discussed.
Before we can use this data to design the positron source, we need more

information about the subsequent optics. Two points are of special interest:

- Wich capture efficiency can be achieved, i.e. how much overproduction of
positrons in the target do we need ?

- How does the capture efficiency depend on the spot size of the y-beam?
As we have seen, it is possible to reduce the particle density and hence
also the stress in the target by increasing the spot size of the y radiation
(see fig. 1.13). However, this would also reduce the capture efficiency.
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1.5.0 Capture optics behind the target

The particles which emerge from the target have to be accelerated in a
cavity embedded in a solenoid field for focusing. Here the final emittance and
the efficiency of the positron source are defined. Since, compared to the
thick target of a conventional source, the multiple-scattering is reduced in a
thin target, the transverse momenta of the positrons emerging from the
target are smaller. Fig. 1.14 compares transverse momenta of a SLC-like
source with those of a thin target source driven by wiggler photons. The
smaller transverse momenta lead to a higher capture efficiency of the positrons
behind the target.

Ne+ T T T T r s T T T T r T
MeV

0.12

0.089

0.06

0.03

D.O " . . 1 " " " ! A i
0.0 4.0 8.0 12.0

transverse momenta p. [ MeV/c]

Fig. 1.14 Comparison of the transverse momenta of a SLC- like source (6 Xo, W;
dotted line ) and a thin target driven by wiggler photons (0.4 Xo, Ti; solid line )

In order to match the emittance of the positron beam, characterised by a small
spot size and a large divergence, to the acceptance of the solenoid which is
rather determined by a large spot size and a small divergence, a matching
section is introduced between the converter target and the first accelerating
cavity.

Two somewhat different matching devices are commonly in use, depending on
the accelerator design upstream of the source.

The quarter-wave transformer is a short pulsed solenoid with a high field,
followed by a long, low field solenoid. This field configuration leads to a
large acceptance of transverse momenta from a small spot size. However,
the acceptance is limited to a narrow energy band (narrow band system).
The adiabatic matching device is made of a tapered solenoid field, starting
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with a high initial field and tapered adiabatically down to the constant end
field ( see fig. 1.23). The acceptance of transverse momenta is somewhat
smaller than that of a quarter-wave transformer, and the accepted spot size
larger, however, these properties hold for a broad energy band (broad band
system).

The damping ring of a linear collider will have a large absolute energy accep-
tance, compared to a low energy positron accumulator like PIA for example,
hence the broad band system is the favoured solution for these projects.

1. 5.1 The adiabatic matching device

R. Helm [ ref. 20 ] describes an adiabatic solution for the particle motion in a
solenoid field with tapered field strength. Using the canonical coordinates:

' B
v ;P ~ (1.12)
py =y + $o*x '

( x,y transverse coordinates; derivative with respect to the longitudinal coordi-
natez ) the transfer matrix M, which transforms the phase space vector of a
particle through the matching device, is given by [ ref. 20 ]:

A cos? u % sin 2y —5  sin 2u B sin? u i
. 2 .2 D .

M = — sin 2u D cos“u C sin® p & sin 2y,
—% sin 2u - B sin® 7 A cos® u —QB— sin 2y
| - C sin2 u ———g— sin 2y -5 sin 2u D cos® u |

Bi|"” 2P
A=lge B = —— s
(Be) e ( Bi Be)’2
c=-B" D=A"!
Bi = initial field ( i.e. at the exit of the target )
Be = end field ( i.e. at the entrance of the cavity )
_ e B(z)
Lamor angle u = 5P dz

For Be =
constant field.

Bi one obtains the well known transfer matrix of a solenoid with

The particles move in the field on spiral trajectories with increasing radius r,

which is given by:
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2

r° = -é—e [Bi(X02+y02) + 2P

e

sin 2u ( xo Xo' + yo yo')

p? (113)

e2Bi

4p
e

+

sin? i (x0 yo' - x0' yo) + siny (x0'2 +yo'2) ]

With xo'= yo' = 0 we get:
172
omax = (—g'lg) * R

where R denotes the aperture radius of the cavity following the matching device.
With xo=yo=0 we find:
. 172
(xo.z+y°.z )1/2mmx = roy = ez(IIS;Be) *R
ro'1 is the maximum accepted angle for a particle which starts on the axis.

In a solenoid, however, the largest accepted angles can be reached by particles
at the aperture limit. With yo=(Be/Bi)"2-R and x0=0 we get:

. 172
Xo'max = & (11}1 Be)

*R = 2-ro't yo'=0

(These particles perform a circle with radius (Be/Bi)!”2-R in the solenoid.)
The above mentioned relations show the effect of the matching device, i.e. in-
creasing radii and decreasing angles.

The maximum transmitted four-dimensional phase space volume (admittance)
was calculated by Helm to be:

V = f dx dpx dy dpy = n? —%—(—;%:—? R? )2

V scales like the beam emittance with 1/72, i.e. the normalized admittance is
constant. Therefore the adiabatic matching device is inherently broad band;
however, the solution is only valid in case of an adiabatically tapered field.
The condition of validity is given by:

dBz) , 1
dz B(z)2

- . .e
£ « 1
If we set:
B(z) = —DBL (1.14)

with the taper parameter g, we get:

g*P

e *Bi =g « 1 (1.15)
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which is independent of the longitudinal coordinate z. In this sense the field
distribution of eq. 1.14 is optimized.

This field distribution is plotted in fig. 1.23.
However, the condition of validity still depends on the momentum of the

particle P. Thus it can only be fullfilled up to a certain particle energy, which

leads to an upper limit in the accepted energy band.
In order to investigate the breakdown of the adiabatic condition we consider

the radius £ of the envelope of a single particle trajectory, which is given by:

A 2 2
- LR (L) - (BEeE)

Py

(xpy - ypx)

B 2P
I =-29-'I-; (x2+y2) + 5 (px + py?)

Pp is the canonical angular momentum, which is a constant of the motion,
while I is an adiabatic invariant, i.e. it is a constant only in the adiabatic

approximation.
The envelope radius at the end of the matching device was calculated both

by means of the adiabatic approximation and numerically by a Runge-Kutta-
integration of the equations of motion, given by:

w.__eB) .__e OB
X"===p Y 2P 3z 7
o o eB(Z) o__e___ ()B
Y'=+=p X "2F 9z ¥
3-0 v ' ' o 1 N i v v 1 i v T ! 1 v v N 4 ] N ! M o
?ad ------------
2.5 | i
2.0
1.5
1.0
0.5 I 2 2 z : 1 . ; 1 3 1 1 4 . f 1 1 : . f ! . 2 1 f
0.0 10.0 20.0 30.0 yo.o0 50.0
E [ MeV]

Fig. 1.15 Comparison of the adiabatic approximation with results of a Runge-
Kutta integration ( g/Bi = 8.8 T 'm™)
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The ratio of the envelope radius fnum to the envelope radius in the adiabatic
approximation Pad is independent of the initial conditions of the particle tra-
jectory and hence a measure of the emittance dilution which the high energy
particles suffer in the non-adiabatic field.

In fig. 1.15 the ratio fnum/fad is plotted for different taper parameters g.
In order to keep the condition for the adiabatic field constant, Bi was adjusted
so that g/Bi is the same for the three cases plotted in fig. 1.15. Nevertheless
the increase of the envelope radius is different for the three taper parameters.
From eq. 1.15 one expects fnum/fad ~ 1 as long as E<<34 MeV.

The emittance increase which high energy particles suffer in the tapered
solenoid field does not necessarily lead to a particle loss, because the emittance
of the high energy particles tends to be smaller than that of the low energy
particles. Hence the optimization of the adiabatic matching device cannot be
predicted from general considerations of the tapered field alone.

We have tracked a large number of positrons (~100000) as produced by EGS
through the matching device. Fig. 1.16 compares the spectrum of the emitted
positrons behind the target (solid line) with the spectrum of the accepted
positrons (dotted line) and with the spectrum of the positrons which are
accepted in the adiabatic approximation (broken line). We observe a slowly
increasing particle loss of the upper part of the spectrum rather than a
sharp energy cut.

0.05 ——Tr 1 ]
MN:{/ [ — e+ emerging from the target

5 --- e+ accepted in adiabatic approx. |
0.04 A VN e+ accepted in numerical calc. -
0.03
0.02 B
0.01 -

0 . 0 " : N + : A i " i
0.0 10.0 20.0 30.0 40.0 S50.0 60.0
E [ MeV]

Fig. 1.16 Particle loss due to emittance growth caused by the non-adiabatic field.
The plotted spectra are normalized to one positron emerging from the target.
g/Bi = 88 T' m’!
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For small taper parameters the additional loss due to the non adiabatic field
is of the order of 10% - 20%.
Due to different path-lengths of the particles on their spiral trajectories and
due to their somewhat different velocities the bunch length is increased in the
matching device and - to a smaller extent - also in the first cavity section.
Since not all particles of a long bunch are on the crest of the accelerating
-wave, a coherent energy spread is maintained during acceleration to the
damping ring. Due to the limited energy acceptance of the damping ring,
particles with a large dephasing with respect to the crest of the rf-wave will
not be accepted.
If the particles in the first cavity section are deccelerated, the bunch length-
ening might be reduced [ ref. 56,57 ]. However, at lower energies the particles
are more sensitive to space-charge effects, which need a careful treatment in
the simulations. In the' normal’ operation mode, where the particles are acceler-
ated as soon as possible, space-charge effects can be neglegted, since the
particles have a comparatively high energy (>2MeV) and due to the fact
that every positron is accompanied by an electron, the space-charge is nearly
compensated (in fact there are more electrons than positrons). The differently
charged particles are seperated in the accelerating cavities.
The difference in the path length AL of a particle which is emitted under an
angle relativ to the longitudinal z-axis, with respect to a particle emitted at
zero angle is:

L
AL=[f 1+x'2+y'2 dZ]“L
0

For x'2+y'2 «< 1 we find:

L
B(z) 2 V2
AL = - Xo + Yo dz
(‘)f 2 Bi ( y )
. . __Bi
and finally with B(z) = T+gz

In addition the dephasing due to the different velocities has to be taken into
account. Since the emission angles are smaller in our thin target approach,
compared to a conventional source, the relative contribution of this effect is
more serious. We found that the particle loss due to different velocities is
nearly as high as the loss due to the path length differences.

In order to keep the dephasing small we should select a large taper parameter,
so that the length of the matching device is reduced. On the other hand the
taper parameter should be small in order to make the field for high energy
particles more adiabatic.

Obviously there is an optimum taper parameter where the capture efficiency
has a maximum.
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The calculation of the path length has been introduced into the tracking code
of the matching device by a numerical integration along the trajectory, so that
no approximation occurs as in the analytical formula.

Assuming an energy acceptance of t1% in the damping ring, we accept only
particles within * 7.5° rf-phase (1-cos 7.5° ~ 0.01) with respect to an optimized
phase in our calculations.

(The bunch length ( 15° of an S-band wave =4.2mm) is small compared to
the longitudinal acceptance of the damping ring, hence the energy spread is in
fact the limiting factor.)

1.5.2 Matching of the beam to the transfer line

After accelerating the beam within the focusing field of the solenoid to an
energy of ~100 MeV, the divergence of the beam has been sufficiently reduced,
so that it can now be focused by means of quadrupole magnets. The beam is
then further accelerated to 3.15GeV ( S-band study ) and injected into the
damping ring. Here it has to fit into the dynamic acceptance of the damping
ring otherwise we will lose particles. In order to simulate the dynamic aper-
ture of the damping ring, we apply an acceptance limit at the beginning of
the transfer line. ( In practice one will of course design the transfer line
with a larger acceptance. )

The properties of the beam leaving the solenoid field can be investigated by
means of the radius vector of the particles in a solenoid field, given by
eq.1.13 with Bi=Be =B. We find the maximum values of the particle distribution
to be:

Xxmax = ¢tR for xX'=y'=y=0
X't = tgll}R for x=y=y=0
X'max = -*-eTPR forx:y‘:(); y=*R
Yymax = tR for xX'=y'=x=0
Y = *-STBR for x=y=x=0
Y'max = ?-eFB—R for y=x=0; x= *R

( Note the different signs of Xx'max and y'max )

—— =,
=

Fig. 1.17 Projected phase space volume
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We consider the projections of the four-dimensional phase space volume on
the xx'-plane and the yy'-plane, respectively. The emittance ellipses are not
rotated (ax=0); see fig. 1.17. (Here the emittance refers to the phase space
ellipse containing 100% of the particles.) Hence the emittance is given by:

eB .R?

EX

il
m
\<
]
s~/

and we expect a four-dimensional phase space volume of:

[3°]

nf (eB pz)?

V=-——sx-ey=2 P

[3-)

which is three times larger than the four-dimensional phase space volume
calculated by Helm [ ref.20 ]:
2
= n2 1 eB p2,2
The reason is, that the four-dimensional phase space volume is not a hyper
ellipsoid as can be seen from eq. 1.13.
In canonical coordinates eq. 1.13 assumes the form:

2
r2=cos2u (x2+y2) + %sinucosu (xpx+ypy) +(~z%) sinzu(px2+py2)

Particles at the aperture limit fulfill the conditions:
(xpx+ypy) = xxX'+yy =0

Hence the phase space volume assumes the form of a hyper ellipsoid in
canonical coordinates.

However, the transformation from geometrical coordinates into canonical
coordinates is not symplectic as we will see later. This means that it cannot
be realized by means of a magneto-optic element.

In order to avoid any particle losses in the damping ring, we would have to
make the acceptance of the solenoid not larger than the acceptance of the
damping ring. This, however, would be ineffective, because the transmitted
hyper ellipsoid would only be partially filled. Hence it is better to make the
acceptance of the solenoid larger than the acceptance of the damping ring
(‘at least by a factor of two ) and cut a more or less completely populated
phase space volume out of it.

A common way of defining the normalized acceptance A of a storage ring refers
to the sum of the acceptances in the two orthogonal coordinates:

A = yex +yey
Hence we will apply this condition in our calculation.
The particles at the aperture limit of the distributionleaving the solenoid
reach in both planes the maximum single particle emittance, i.e. X' = X'max only

for y=ymax. Hence we get:
A=yex + yey = 2'—]%?(:—R2 (116 )
for the solenoid.
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The correlation between the phase space vectors of the particle distribution
coming out of the solenoid ( x' =xmax only for y=ymax) can be used to
transform emittance from one plane to the orthogonal one by means of
askew quadrupole magnet. ( This is useful if the acceptance of the damping
ring turns out to be larger in one plane.)

In the thin lens approximation the transformation performed by a skew quad-
rupole can be written as:

Xs =

X
X.gzx.+ell)(l .y
ys =y

y.$=y.+ell)(l - x

( This transformation has to be compared with the transformation into
canonical coordinates eq. 1.12. Since the transformation of a skew quadrupole
is symplectic, it is obvious that the transformation into canonical coordinates
is not symplectic. )

We set:

1 = B/2

gradient of the quadrupole
length of the quadrupole
B = field strength of the solenoid

K
K
1

and find the following relations:

=

X'smax = 3 gp R
X's 1 = X't
Y'smax = ¢ ;g R?
y'st = y'1

The effect of a skew quadrupole of strength K-1=B/2 is shown in fig.1.18.
The emittance is decreased in one plane by a factor of 2 while it is increased
in the orthogonal plane. The sum of the emittances stays constant.

In practical cases, the correlated parts of the phase space volume are only
rarely populated. Therefore the effect of a skew quadrupole has only a minor
practical meaning.

Ymax = Y1

T
x \&//Ry

Fig. 1.18 The effect of a skew puadrupole on a correlated particle distribution
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1. 5. 3 Parameters of an optimized matching device

The normalized acceptance of the damping ring is yex+yey ~ 0.024 [ref. 21]
for the S-band study. (For TESLA it might even be larger. The capture
efficiency, i.e the ratio of the number of positrons accepted by the transfer
line to the number of positrons emerging from the target, scales roughly
linearly with the acceptance. )

For the pre-acceleration section we choose parameters, comparable to that at
the existing SLC source, namely: aperture radius of the cavity iris R=9mm
and field strength of the solenoid B=0.62 T. Hence the normalized acceptance
as defined by eq. 1.16 is A = 0.059, i.e. a factor of 2.45 higher than the accep-
tance of the damping ring. The particle loss at the matching point from the
solenoid to the transfer line is nevertheless only of the order of 5X.

In order to get a high initial field, a pulsed field from a flux concentrator is
added to a strong DC-field in the matching device [ref. 22, 23] The initial
field at the SLC source is Bi> 7 T. It could be increased to 10 T which seems
to be the upper limit of this technique[ ref.24 ].

With Bi= 7-10 T and Be= 0.62T we found, for the taper parameter g
(eq. 114), an optimum at g=30m .

Small variations of the target thickness show a broad maximum at a thickness
of 0.4 Xo. For a thicker target the yield is somewhat higher (see fig.1.11), but
the capture efficiency is lower due to larger emission angles of the particles.
Fig. 1.19 shows the effect of the longitudinal cut on the spectrum of the
positrons. The particle losses due to the dephasing are of the order of 30%.

Ne" T T v T T T - T v T r T T r T T T J
MeV I —— et emerging from the target
[ e+ accepted by matching device
"""" e+ accepted within 15° phase
0.03 -
0.02 F
0.01 -
AN
i X -n-\.{.-_\',\/\\ﬁ
J ‘,,»' - \--v-"«'r.\ﬁ,.."_/\"’. -~ /\(/\,__1
0.0 N 1"' . . ! A . . . ! s i )
0.0 10.0 20.0 30.0 E{MeV]

Fig. 1.19 Energy spectra of the positrons from wiggler photons impinging on
a 0.4 Xo titanium target. ( Normalized to one positron emerging out of the
target.)
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The corresponding longitudinal beam profile is shown in fig. 1.20. It shows
that the core of the beam is maintained, while the low energy particles form

a long tail.

Ne+ " ™ - T

- T r .
é 0% of the particl
I 70X o e particles . I

within 15° ]
O. 025 u I l _'.

0.020 |
0.015 |
0.010 |

0.005 F

.0 £ 2 : : . *
-10.0 0.0 10.0 20.0
Phase of S - Band Wave [ °]

Fig. 1.20 Longitudinal beam profile behind the matching device. The bunch length
of the primary beam 0z=0.7mm corresponds to 2.5°. ( Normalized to one
positron emerging from the target.)

Obviously the capture efficiency is not. very sensitive to small variations of the
condition for the longitudinal acceptance. Hence we conclude that our simple
phase-cut is a sufficient condition in our simulation.

The capture efficiency as a function of the spot size of the oncoming y-beam
is plotted in fig. 1.21. It was calculated with an initial field of the matching
device of Bi=10 T. A reduction of the field to 7 T decreases the capture efficiency
from 18.5% to 15% for ox,y =0.7mm, while an enhancement of the initial field
to 15T increases the efficiency to only 19.7%. For higher initial fields the
efficiency drops again.

This shows that the optimum efficiency, i.e. the optimum matching is achieved
with fields close to what is technically feasible. A further improvement of
the efficiency by means of new techniques e.g. lithium lenses [ref.25] or
plasma lenses[ ref. 26 ] may, hence, in the case of a thin target source, not
be expected from the stronger focusing fields, but only from differences in
the particle dynamics. In plasma and lithium lenses the particle moves, for
example, not on a spiral trajectory but on a sinusodial path, thus the dephasing
is reduced. However, it will be difficult to vary the focusing field with the
longitudinal coordinate in these devices. Hence they act more like a quarter-
wave transformer with a small bandwidth than like an adiabatic matching device.
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Fig. 1.21 Capture efficiency versus spot size of the y-beam

Now we have all information that we need to calculate the maximum positron
intensity that we can obtain from a source based on wiggler radiation:

The maximum tolerable positron density in a titanium target was shown to
be: p+=7-10'2 e+/mm’ (eq.111). Fig. 113 shows the particle density olox.y),
normalized to one positron emerging from the target, as a function of the
spot size of the oncoming y-beam.

ox,y | plox,y)| Net*tot | capture Ne+
mm mm 2 1012 efficiency 1012
0.3 0.67 10.5 0.210 2.21
0.5 0.32 219 0.201 4.40
0.7 0.18 38.9 0.185 719
1.0 0.10 70.0 0.151 10.57
1.2 0.08 87.5 0.127 11.11

1.5 0.05 134.6 0.098 13.12

Tab. 5 Maximum tolerable positron production as a function of the spot size
of the oncoming y-beam. ox.y = sigma of the y-beam; p( ox,y) = particle density
normalized to one positron (see fig.1.13); Ne*tot = maximum number of
positrons produced in the target; Ne+ = number of positrons matched to the
first cavity section.
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The maximum number of positrons Nettot which can be produced in the
target, is given by the ratio §+/p(ox,y). Tab. 5 summarizes Ne+tot for various
sigmas of the y-beam.

With increasing spot size more and more positrons can be produced, however,
the capture efficiency drops with larger spot sizes ( see fig.1.21 ). Hence the
number of positrons which can be matched to the first cavity section, Net,
increases not as fast as the number of positrons which are produced in the
target. Moreover the wiggler length has to be increased, in order to reach the
higher intensities.

So far we have matched only the particles to the cavity section. Now we have
to avoid particle losses in the beam transfer to the damping ring. An important
effect is the bunch lengthening in the first accelerating structures where the
ratio of the transverse momenta to the longitudinal momenta is still large.
The dephasing in the subsequent cavity section depends on the gradient and
can be kept small.

In the cavities the transverse momenta stay constant and the variation of the
longitudinal velocity can be analytically calculated. We found, for the path
length difference of a particle with respect to a particle travelling with the
velocity of light on the axis:

As=c(T——1a—[}/(aT+b)2+1 - b%+1 :I)

transfer efficiency

[%]

168.

88 .0
.

68 .0

48 .0

28 .8

8.80 1 T T 1
10.9 28.90 3.0 48.9

gradient [ MV/m ]

Fig. 1.22 Transfer efficiency for the accelerating section versus gradient
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T = time of flight (reference particle) = E/( AE *c)

- e*xAE b=—Ppoll___
mec * K ; mec * K

K- [(2) a1

Pe = transverse momentum

poll = longitudinal momentum at the beginning of the section
E = total voltage of the section (100 MV)
AE = gradient in the section

Fig. 1.22 shows the transfer efficiency of the pre-acceleration section as a
function of the gradient in the cavities.

The standard gradient in S-band travelling wave structures is about 20 MV/m
and gradients up to 40 MV/m have been achieved, so that the dephasing in
the cavities can be sufficiently suppressd.

The situation is somewhat more complicated for TESLA due to the long bunch
train of 800 us.

Behind the positron target there will be a large background of positrons,
electrons, photons, neutrons and muons which will deposit energy in the first
cavities. Hence it seems to be impossible to preaccelerate the positrons by
means of superconducting cavities.

The preacceleration has to be done with normal conducting cavities up to an
energy of 100-200 MeV, where the positrons can be separated from the back
ground and be injected into the standard superconducting TESLA cavities.
Two problems arise for the acceleration of the long TESLA bunch train in a
normal conducting cavity:

- klystrons, able to deliver high power for such a long rf-pulse, are not

available yet.

- the energy deposition of a long rf-pulse in the cavity walls would be much

too high in case of a high power, i.e. high gradient, cavity.
It was proposed to use a pulse compression system ( SLED system ) to over-
come these problems[ref.5]. Here the klystron delivers power on a low
level over the whole pulse length of 800 us, while the accelerating structure
is filled with 1 MHz rep. rate for every single bunch. Between successive
bunches the power is used to fill a storage cavity.
The advantages of these systems are as follows:

- due to the pulsed operation of the accelerating cavities the energy

deposition in the cavities can be kept small.

- due to the pulse compression the gradient is higher, for a given mean
power. In the simulations a gain of 1.6 in the gradient was achieved, while the
power deposition was reduced by a factor of 2.58.

More details can be found in ref. 5.
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1. 5. 3 Improvements in the optics
— An optimized field distribution for the matching device

The field distribution of the adiabatic matching device ( eq. 1.14 ) was developed
in a way that the condition for an adiabatic field was independent of the longi-
tudinal coordinate. This is a resonable argument, however, one may ask for a
field distribution which takes all the input parameters of the source, like the
positron spectrum, the bandwidth of the damping ring etc., into account.

In order to find such a distribution we have used an evolutionary strategy:
The field distribution of eq. 1.14 can be expanded in a Taylor series.

- Bi
With B(z) = 1+ g*z
d"B(z) _ _y pi(_o)P 1
we get a0 - n! Bi(-g) (1+gzo)n+1
n
h B( = Bo(_ n (Z_ZO)
ence z) Z‘_‘ i(-g) ——-—‘————-—(ng)nﬂ

With zo~ L /2 (L =length of matching device) twenty coefficients are sufficient
to approximate the initial field distribution.

By statistical variation of these coefficients the field distribution can be
slightly distorted and by tracking particles through the new field an optimized
field can be found. In principle a realistic simulation of the beam transport
from the target to the damping ring can be introduced.

To avoid an increase of the initial and end field Bi and Be of the device two
additional coefficients had to be added:

- Bi- B(z=0)
Ci L
_ B - B(z=L)
C'z——————L
- n
B(z) = Z Bi('g)nT:szzo)“)rFT + Ct(L-z)+C2-2z
n (4]

Since the length of the matching device appears in Ci and Cz, it can also be

optimized by statistical variation.
Fig. 1.23 shows a comparison of the initial field distribution and the optimized

field distribution as a result of the evolutionary strategy.

The length of the matching device is reduced by ~35 X but the capture efficiency
is increased only by ~3% in case of a thin target source.

The improvement of the yield tends to be larger the in case of a conventional
thick target source and in cases where boundary conditions, i.e. energy limits
have been introduced.
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Fig. 1.23 Longitudinal field of the adiabatic matching device.
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1.6.0 A high intensity positron source

After the discussion of the various parts of the positron source in the previous
sections, we will now consider the source as a complete system and thereby
summarize some important results of our investigation and draw some con-
clusions.

It is proposed to use the disrupted 250 GeV electron beam after collision as
a primary beam to generate the wiggler radiation. Anyway, the beam has to
pass the final focus quadrupole magnets of the oncoming beam in order to
avoid mechanical damage as well as an intolerably high background in the
detector. It requires, however, some additional optical effort to match the
disrupted beam to the wiggler requirements.

The desired beam properties in the wiggler section are governed by the
requirement of being able to adjust the wiggler radiation spot size on the
conversion target over a range of 1-3mm in diameter in order to optimize
positron capture efficiency versus thermal stress in the target. In addition, it
is desirable to keep the transverse beam size in the wiggler section below
about 2 mm to reduce the costs of fabrication.

There are two contributions to the radiation spot size which add up more or
less quadratically, namely the opening angle of the synchrotron radiation o
and the beam parameters in the wiggler section. We consider a wiggler of
L=40m length plus about 10 m distance D for the separation of the primary
beam.

In the case of a wiggler with period length A the opening angle of the radiation
« can be approximated by:

eB X\
P 27

~ 1
o ~N +‘Y

It follows:

v €B D) * A ~ 9.74-10°°
OgRr oo L/2 + D) 9.74 A

To achieve ogg= 0.5mm , A must not be larger than 51 mm.

A wiggler with a period length less than 51 mm, based on hybrid technology,
is already in use in DORIS [ ref.60 ]. However, even with a gap height g of
4 -5mm the field distribution will be more or less sinusodial. The maximum
field amplitude on the axis of the wiggler is given by [ ref.61]:

Bmax = 3.33 - exp[ -g/A(5.47- 1.8 g/)\) ]

with g/)\ = 0.078, we obtain:

Bmax = 2.2 T
Brms 15T

A more rectangular field distribution at reduced field amplitude can be obtained
by means of a pure permanent magnet wiggler.
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The positron production is insensitive to the photon spectrum, as we have
already shown. However, it scales with the total photon number and hence
with the rms-field amplitude.
Assuming that the wiggler consists of sections of alternating constant
magnetic field B=:1.7 T, we overestimate the positron production by roughly
15%.
In order to minimize the cost of the wiggler, the gap height should be small
and we have to have a small rms beam size ce in the wiggler section.
The electron beam is focused onto the target and the spot size ce” of the
beam on the target should be:

ce” = 0.5mm
while in the wiggler section

cey < 0.7 mm

cex < 2.0 mm
is sufficient.
Then, the minimum tolerable B-function on the target is about:

8%y » (L+D)*2% = 36 m
Cey

*

B x

13 m

The maximum B value inside the wiggler is then:

*

(L+D)?

o 105 m

By =

+B

213 m

Bx
And for the maximum tolerable emittance of the disrupted beam we obtain:

2
By =-28Y - 47510 ° m
By

tx = 1910 % m

m
“<
|

This would easily be satisfied by the emittance of the oncoming electrons
before the collision, which is below 10 ' m for both, the S-band study
(DESY/THD) and TESLA.

However, the emittance is diluted during collision due to the non linear
forces which the electrons sustain in the field of the positron bunch. In addition
the particles lose a fraction of their energy due to beamstrahlung. This leads
to a broad, asymmetric energy distribution of the electrons after collision.

( We have investigated the influence of this broad energy distribution on the
photon spectrum of undulator radiation in more detail in ref. 36. Here this
effect can be neglected.)

The bandwidth of the matching optics between interaction point and wiggler
is limited due to local chromaticities which can only be compensated in a
narrow energy band [ ref. 27 ]. However, the bandwidth can be increased if
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some emittance dilution can be allowed. A bandwidth of +10% has been shown
to be feasible for a disrupted beam transport line in a positron recycling
scheme [ ref. 21, which, however, does not meet our emittance requirements.

A conservative estimate for a matching optic, able to meet the emittance
requirements for the wiggler leads to a bandwidth of :3%, corresponding to
~70% of the particles of the beam for the S-band study [ ref. 11 1

R. Brinkmann has designed an optic for a particle recycling sytem for TESLA,
which also can be adopted for the positron source. Due to the somewhat
smaller energy spread of the beam after interaction and due to the refined
optics, approximately 90 X of the particles can be collected within an emittance
of €x 10 °m and €y > 10 'm [ ref.30].

For the DESY/THD S-band study a positron intensity of 3.6*10'? positrons
per pulse is required.

In addition we demand that 2 positrons per electron are captured, as a saftey
margin for compensation of particle losses which might occur, for example,
during injection into the damping ring etc. . This factor of 2 will also com-
pensate particle losses due to bunch lengthening in the accelerating structure.
Hence 7.2-10'2 positrons have to be captured.

If the positron production is too high, it can easily be adjusted, for instance
by means of an increased gap height of the wiggler ( lower field ), or by
means of a decreased solenoid field in the preacceleration section.

From tab. 5 we see, that this value corresponds to a ox,y of the y-beam of
0.7 mm. In this case 4 -10'® positrons are produced in the target and the capture
efficiency is 18.5%.

Now we can calculate the length L of the wiggler section:

The optimum target thickness was found to be 0.4 Xo, where the yield of a

e+ -
o ( see fig 1.11 ).

We set, for the efficiency of the matching optics, nm=0.7, and, for the capture
efficiency of the particles behind the target, nc=0.185. Hence, we get:

titanium target is: Ye+=0.45

L*Yet*nc*nm = 2 e+/e”
L=3m

With a more realistic field distribution the wiggler length will be approximately
40 m.

The maximum temperature rise during a shot is 720K and the mean deposited
power in the target turns out to be 5.9 kW for 30 Hz rep. rate ( see table4 ).
Table 6 summarizes all parameters of the source. They should only be regarded
as an example for one possible solution, because an adjustment of the
parameters is still possible without exceeding technical limits. For example
the initial field of the matching device might be reduced for technical reasons.
The capture efficiency would shrink in this case and the wiggler length would
have to be increased.
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Wiggler

field on axis

period length

gap height

total length

spot size of radiation
on target ox,y
number of photons
per electron

mean photon energy

Target

material
target thickness

~1.7T
<51 mm
~4 mm
~34 m

0.7 mm

105 m™!
22 MeV

titanium alloy
0.4Xo0 = 1.42 cm

pulse temperature rise 720 K

mean deposited power 6 kW S-band
14 kW TESLA

Adiabatic matching device

initial field 10T

taper parameter g 30 m!

end field 062 T

radius of cavity iris 9 mm

Damping ring

norm. acceptance

YEx + YEy 0.024 m

capture efficiency 18.5%

estimated overall efficiency 9.25%

Tab. 6 Parameters of a high intensity source. The estimated overall efficiency
includes particle losses during injection into the damping ring etc. and refers
to the fact that 2 positrons per electron are produced.
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The TESLA approach requires a positron intensity of 4.5%10" positrons per
bunch train, which is another order of magnitude more than in the S-band
design.

Since the bunch spacing is large for TESLA (1us) compared to other designs,
the thermal load problems of the target can be solved by means of a rotating

target.
If we choose the velocity of the circumference of the rotating target disk to

be 50 m/s, no more than 60 bunches will overlap on the target, leading to a
maximum temperature rise of ~700 K. The mean power deposited in the target
with 10 Hz rep. rate will be 14 kW.

In order to load all parts of the target disk with thermal stress, successive
shots should be placed next to each other on the target as sketched in fig.
1.24.

Within one bunch train (0.8 ms ) the advance of the target on the disk As
is 0.04m. In order to place the next shot after n revolutions beside the

foregoing shot the condition
Trep = Tbunch train (N *nt1)

has to be fulfilled.

1st shot

2nd shot after
n revolutions
3rd shot after
N 2n revolutions

Fig. 1. 24 The rotating target disk

n N d Tcool | revolutions
[m]| [s] | per minute
124 1.58 12.4 605

62 0.79 6.2 1210

413 | 0.53 41 1815

31 0.39 3.1 2419

B Ny

Tab. 7 Comparison of target parameters.

N denotes the number of shots, which can be placed on the circumference of
the target. Thus the diameter of the target has to be d = N*0.04m /7 and
the time for cooling, i.e. the time between two shots on the same place, is
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Tcool = N*Trep. Tab. 7 compares parameters for various numbers of revolu-
tions between successive shots.

1. 6.1 Cooling of the target

The most critical component of a water cooled target is the rotating vacuum
feed-through for the water supply. Organic materials, as they are used for
example in O-rings, cannot be used in the highly radiative environment of the
positron target and commercially available feed-throughs with bellows cannot
be used at the revolution frequency which is necessary for TESLA.

A possible solution has been worked out by P. Sievers and M. Héfert from
CERN for a positron target, able to withstand a mean power deposition of
800 kW [ref.28 ]. The feed-through is based on differential pumping of a
series of stationary chambers around the axis.

For TESLA, however, the mean power deposition is only small compared to
the large volume of the target.

Hence one might as well consider radiation cooling supported by cooling of
the rest gas in the chamber. A radiation cooled target offers the additional
advantage that problems like the radiolysis of the cooling water and the
transport of radioactivity with the cooling water are reduced. The rotation
can, in this case, be transferred onto the target-wheel by means of a magnetic
coupling.

The radiation flux ® from a hot body (surface area A, temperature T) to the
environment (temperature T') is given by the Stefan-Boltzmann-law :

® = coA(T*- T'Y)
= emission coefficient <1
o = Stefan-Boltzmann-constant = 5.67 x10™ 2 —mgV—K‘-

If we embed the target in a material with high heat conductivity, the energy
has to be transferred to the material and then radiated at a low temperature
level from a large surface area A.

Assuming a mean temperature of the target disk of 500 K, while the environ-
ment stays on 300 K, we find that for the surface area of the disk A=4.5 m?,
if the power of 14 kW has to be radiated from this area. Since the circumference
of the wheel is of the order of some meters, this area can be provided by
means of large cooling fins.

Alternatively we consider cooling due to the rest gas:

In order to achieve a substantial cooling of the rest gas in the vacuum chamber,
it would be necessary to allow the pressure to be of the order of 10 2. 107!
mbar for a large part of the target surface. The pressure near the beam area
could nevertheless reach the operational requirements by means of differential
pumping.
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The target has to rotate in the S-band case too, however, here only an overlap
of adjacent bunch trains has to be avoided. In order to separate the bunch
trains ( rep. rate 50Hz ) by ~3mm on the target wheel a velocity of only
0.15m/s is necessary, which can be achieved with a small target radius, as in
case of the SLC source [ ref. 29].

However, a large radiation cooled target with a magnetic coupling is an attractive
solution for reliability reasons. Therefore it should also be considered for the

S-band study.

1 6.2 Source operation

An operational disadvantage of a wiggler based source is the coupling of the
source to the main linac. Two crucial points should be mentioned.

For the commissioning of the positron damping ring, the main positron linac
etc. a source which works independently of the main electron linac would be
desirable in order to work on both linacs simultaneously.

It is worth noting that a large fraction of this work can be done or even has
to be done with a low intensity source. Fig. 1.25 shows a conventional low
intensity souce integrated into the high intensity beam line. Per 500 MeV
electron 0.1 positrons are produced in the thin titanium target. The capture
efficiency is roughly 15%, so that ~1% of the design intensity can be obtained
with a primary electron beam at design current. Higher intensities at a low
repetition rate can be reached, if several shots are accumulated in the damping
ring.

Solenoid

wiggler ~34m
B=17T

500 MeV e~
to drive low
intensaity source

Fig. 1.25 Integration of a conventional, low intensity source into the beam line
of a high intensity source based on wiggler radiation ( see fig. 1.0 for comparison)

A more severe question concerns the stability of the source.

The energy width of a linear accelerator is affected by the longitudinal wake
potential (single bunch energy spread) and by beam loading effects (bunch to
bunch energy spread). Since the final focus optics has only a small bandwidth
(1-2%), the energy width is not only important for the experimental program,
but also for the operation of the linac. Different techniques can be used to

_4_9..



minimize the energy spread which, however, depend on the intensity of the
beam. Hence, intensity variations of the source have to be controlled within
a few percent.

One reason for intensity variations of the positron source is a drift of the
beam spot on the target, which can be introduced by different effects in the
steering optics (current drifts, magnet vibrations, temperature variations
etc. ).

In fig. 1.26 the influence of an offset Ar on the positron yield is plotted. (The
offset is defined with respect to the intersection of the cavity axis ( behind
the target ) with the target.) In order to suppress the intensity variation
below -1% the offset has to be controlled within :0.1mm in each direction.

capture efficiency

[%]
13,07 + +
16.8- +
14.8
12.0-

16.06

4 .80 -

.?268 .480 .600 .800 1.68

beam offset Ar [ mm ]

Fig. 1.26 Influence of a beam offset on the capture efficiency

If we assume that no steering coils are introduced in the wiggler section, the
offset of the beam spot is determined both by the offset and by the angle
of the beam in the last steering magnet before the wiggler.

The offset can be measured with a beam position monitor, with a resolution
well below 0.1 mm. Then the angle can be determined by means of a monitor,
which directly observes the spot size on the target. Here the visible part of
the wiggler radiation might be useful. Both, the offset and the angle can be
controlled by means of simple feed-back loops and appropriate orbit bumps.
A similar system works at the SLC positron source[ ref. 31].
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Like any other positron source the wiggler based source relies upon a constant
beam intensity of the primary beam. However, due to the beam-beam inter-
action and the limited efficiency of the matching optics, the positron production
depends on the intensity of the foregoing shot.

We consider a simplified model to investigate this effect:

In the case that the beams collide with the design intensity in both bunches,
we can describe the positron production by:

Po = no- Eo

Po = number of positrons

Eo = production factor ~ L:TYe*-nc-Ne-

no = efficiency of the matching optics at design currents
with

no=1- vo

vo = particle loss

We consider a distortion of the positron number by a factor «

Pdist= Po -«

a=1+c¢ 1< e<+

The particle loss as a function of the intensity of the foregoing shot is un-
known. We use a scaling of a with the power n, which simply addresses the
fact that the particle loss increases or decreases with increasing or decreasing
intensity of the foregoing shot, respectively. For a sufficiently high n this
treatment may be regarded as a worst case calculation.

We set:

ndist= 1 - vo- ot

The production in the next shot P1 assumes the form:

P1 = ndist - Eo
n
=(1-vo-a )-Eo=oai-noEo
and we get:
= =1 - -0 . M _
ar=1+e1 =1-——(a-1)

For stability the condition

_ VO n_
Isl"rvo(a 1) < el (1.16)

has to be fulfilled.
With n

o = (1) = Z (f:) . ek
k=0
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we find, for equality of the stability equation (1.16):

n
1\_)_0\,0 (n+;2({:) sk_l) =1

With € =0 we can derive a lower stability limit &1 at:

1
i+n

vo=E1 =

The maximum distortion occurs when no positrons disrupt the oncoming elec-
trons and all electrons are matched to the wiggler section. With n=1 we get:

Pdmax = Eo
Vo0

1 -
1-vo and Emax = 1- vo

Hence dmax =
Introducing amax and emax into the stability equation (1.16), we find:
1 n
((l-vo) _1) <1
and we can derive a second stability limit £2 at:
- 1/
vo=E2=1-2 ’n

Table 8 compares £1 and E2 for different scaling parameters n.

n Et E2

1 0.50 0.50
2 0.33 0.29
3 0.25 0.21
4 0.20 0.16

Tab. 8 Stability limits for different scaling parameters n

The meaning of the stability limits are as follows:

For £1 > vo > E2 only small distortions are attenuated, while large distortions
are exited and the system can become unstable, i.e. the beam intensity varies
from shot to shot between a maximum and a minimum value.

For vo < E2 all possible distortions are damped and stable operation would be
possible in any case.

The calculations represent only a crude model of the positron source, which
however shows, that the coupling via beam-beam interaction does not necessarily
lead to an unstable state of the positron source.

The stability of the positron source can additionally be affected by beam
loading effects in the main linac [ ref. 32 ], which require a more sophisticated
treatment in the framework of the whole linac.
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1. 6.3 Source operation at different energies

So far we have developed a positron source for a 500 GeV center-of-mass
collider. However, the collider has to operate over an energy range, starting
at ~ 300 GeV where interesting results of top physics are expected up to the
highest energies which can be achieved.

The number of photons produced in a wiggler or undulator is independent of
the energy of the primary beam. However, the energy of the photons scales
with Yz_ Hence the positron production decreases, if the energy of the primary
beam is decreased. Fig. 1.27 shows the total positron yield as a function of

Ne*/e -

4.06

3.00-

2.08

208 . 308. 408 . 588.
beam enegy [ GeV]

Fig. 1.23 Positron yield per electron at IP versus energy of the primary beam
( wiggler length 34 m)

the energy of the primary beam. For the calculations we had to make some
assumptions about the efficiency of the matching section between interaction
point and wiggler.

The beamstrahlung is much softer for a 2 *150 GeV collider, hence the energy
distribution of the particles after collision is smaller [ref. 6] and we can
assume that 100% of the particles can be matched to the wiggler section. For
the higher energies above 150 GeV the matching efficiency was kept constant
nm=0.7. Since the parameters of a 1TeV collider are not yet fixed, this is
somewhat arbitrary, however, in any case the beamstrahlung has to be suf-
ficiently small in order to allow high energy physics experiments.
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The yield of 1.1 et+/e at 300 GeV would be sufficient, if no additional losses
were to occur. In order to readjust our saftey margin we can either double the
wiggler length or run the machine with different currents in both beams. If
the number of electrons is increased by 34% above the present design current,
the positron current will be 75% of the design, while the luminosity stays
constant. This would of course have a lot of implications for the machine
operation which are not considered here.

1. 6.3 Radiological problems

A detailed discussion of the radiological problems of a wiggler based positron
source would exceed the intention of this work. We can, however, draw out
some general considerations by comparing the wiggler based source with a
conventional high intensity positron source like the SLC source.
The radiological problems divide into two fields:
- the production of high energy particles (positrons, electrons, photons,
neutrons and muons), which ask for an adequate shielding.
- the production of unstable isotopes in the target and the surrounding
structures (induced activity ), which is a particular problem in the case of
a target failure.
The most important processes in the converter target are gamma-neutron
reactions via the so called giant dipole resonance, whereby one or more
neutrons are knocked out of the nucleus. The process can be understood as
an oscillation of the neutrons against the protons in the nucleus and corres-
ponds to the frequency of absorption of electric dipole radiation [ ref. 33 ].
The cross section for photo nuclear reactions is plotted in fig.1.1.
At higher energies other processes like deuteron photo-disintegration and
photon production of m-mesons set in [ref. 34 ]. The total cross sections of
these processes are by a factor of 100 up to 1000 times smaller, hence they
contribute only to a small amount to the induced activity. However, pions
decay into muons, which are difficult to shield [ ref. 35]. Since the content
of high energy photons in the wiggler radiation is only small, these processes
are suppressed in a wiggler based source compared to a conventional source
with a multi GeV primary beam.
Compared to a conventional source, which would produce the required positron
intensity (30 times SLC for the S-band study and 67 times SLC for TESLA)
the neutron production is reduced by a factor of 5 in case of the wiggler
based source due to the higher capture efficiency.
The neutron production in the thin target is comparable to the neutron
production at the rear end of the thick target. In the thick target the photons
have to be produced in the first radiation length of the target, hence we
assume a linearly increasing neutron production from the beginning to the end
of the target, while in the wiggler based source the photons penetrate from
the beginning through the target and the neutron production rate is assumed
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to be constant. Therefore the neutron production is reduced by a factor of:

6
2- 04

> 7.5

( thick target: 6 Xo; thin target: 0.4 Xo)

This factor is of course modified if different materials are used.

The total integrated cross section for electric dipole absorption can be estimated
by means of the Thomas-Reiche-Kuhn (TRK) sum rule to be [ ref. 33 ]:

o«

[ 0By dE = 60- 2 MeVmb

(]
The formula overestimates the cross section for light and medium nuclei by
a factor of ~2. Hence we conclude that the neutron production per radiation
length in titanium is about a factor of 1.5 higher than in tungsten.
Taking all effects together, we can conclude that the neutron production of
the wiggler based source will roughly be the same as at the present SLC
source for the S-band study and ~2.5 times higher for TESLA, even though
the positron intensity is increased.
Due to the emission of neutrons, new isotopes are produced inside the target
with a production rate P.
Tab. 9 summarizes isotope properties for gamma-neutron reactions in tungsten
and titanium.
Other isotopes are produced via gamma-proton reactions, however, due to the
Coulomb barrier, nearly all the photon absorption strength leads to a neutron
emission in heavy and medium nuclei [ ref. 33 1.

Isotope Abundance Reaction End Product Half life Decay mode
% ti,
Wise 28.6 (y,n) Wiss 75d B
(v,2n) Wiss stable -
Wiss 30.7 (y,n) Wis3 stable -
(v,2n) Wisz stable -
Wis3 14.3 (v,n) Wis2 stable -
(v,2n) Wist 121.2d Y
Wis2 26.3 (y,n) Wist 121.2d Y
(v,2n) Wiso stable -
Tiss 73.8 (y,n) Tis7 stable -
(v,2n) Tise stable -
Tis7 7.4 (y,n) Tise stable -
(v,2n)  Tiss 3.08h g
Tise 8.2 (y,n) Tiss 3.08h g*
(y,2n) Tiss 47.3a Y

Tab. 9 Gamma-neutron reactions in tungsten and titanium.
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The dangerous isotopes are Wis1 in the tungsten target and Tiss in the titanium
target. Both decay under emission of a y-quant. Since Tiss is produced only
in one channel out of an isotope with small abundance in the naturally occuring
element, the production rate of Ti4s is somewhat lower than that of Wiasi.
The induced activity A in the target is given by:

B lnz‘t
A=P(1-¢ P2 )

It can be seen, that due to the half life of 121 days for Wis1 the full activity
can be reached within a run period of the source (~ half of a year), while the
activity in the titanium target increases slowly over many years, so that it is
lower at least in the first years of operation.

The whole situation is of course modified by additional elements in the target
alloys and by the surrounding structure material.

The above analysis can not substitute a detaild quantitative analysis, which
has to be done before a source based on wiggler radiation can be build. It
shows, however, that the radiological problems will not increase dramatically,
compared to already existing sources which might be a sufficient conclusion
for the moment.
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2.0.0 A high intensity polarized positron source

In flat circular e+e” colliders the beams become polarized vertically due to
an asymmetry in the spin-flip rates in the synchrotron radiation process.
However, owing to depolarizing effects resulting from misalignments the
equilibrium polarization can be small if no special orbit and optical correction
schemes are applied. In addition the rotation of the spin into the longitudinal
direction calls for great effort.

In a linear collider it is relatively easy to collide longitudinally polarized beams
once polarized particle sources are available.

Polarized electrons can be produced by means of photoemission from a photo-
cathode which is illuminated by circularly polarized laser light. A source of
this kind is in operation at the SLC and R & D efforts show significant progress,
so that we can assume that a reliable, highly polarized electron source is
available for the next linear collider [ ref. 37 ].

The physics potential of polarized beams can be demonstrated - without going
into details - by means of the spin dependence of the weak interaction. An
overview of physical problems which can be attacked with polarized beams in
linear colliders is given in ref. 38.

The polarization P of an electron or positron beam is defined as:

N*- N~

PN

where N* and N denote the number of particles with spin +1/2 and -1/2,
respectively.

Hence we find the number of particles with spin +1/2 in a polarized beam to
be:

N+

__—.=.L.
NN 9 (1+P)

and the number of particles with spin -1/2:

w7 1P

We consider neutral current interactions of electron-positron annihilation at
high energies. Electrons can anihilate on positrons with a virtual intermediate
state being either a photon or a Z° boson.

One can write neutral current parameters in the form of vector, 8y and axial
vector, g,, couplings:

By “ Bp T 8

Ea

8r and g refer to the right-handed and the left-handed part of the coupling,
respectively.
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The production rate of left-handed electrons with right-handed positrons is
proportional to g; 2, and for right-handed electrons with left-handed positrons
proportional to gRZ.

We denote the longitudinal polarization of the electron and positron beam with
Pi and P2, respectively and find the number of left-handed and right-handed
particles in the beam to be:

Nep —;"(14'1’1) NeR=—-12—(1—P1)

]

NpL —;—(1—1’2) NPR="1§“(1+P2)

where e and p refer to electrons and positrons, respectively.
The production rate of the reaction is proportional to:

R+"' NeL-NpR-gI:'Z + NeR'NpL 'ng =
L (1+P1+P2+P1-P2 )-ng 4 S (1-P1- P2+ PP )gR2

~ —12—-(1+P1P2)(gv2 + gAz)— (P1+P2)g, g,

In the case of the opposite polarization of both beams we find:
R ~—;—(1+P1P2)(gv2 + gAz)+ (P1+P2)g g,
Moreover we are interested in the asymmetry A:
A=R'-K ~P1+ P2
Here contributions from background-reactions which are not sensitive to

polarization cancel within the statistical probability. The statistical error AA/A
of the asymmetry term is proportional to:

AA 1 1
A P1+Pz /N

N = number of events
Hence, to obtain a given accuracy, the number of events to be measured is
proportional to:

1

N ~o
(AA/A)2 - (P1+P2)?

and the figure of merit for the operation of a linear collider with polarized
beams is:

L - (P1+P2)2

L = Luminosity
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We conclude that polarized positrons - even if there would be no new physics
accessible (if polarized electrons are already available) - offer a great potential
for the reduction of background problems and power consumption. Since back-
ground problems, luminosity and power consumption are the most crucial
problems for linear colliders even a big effort for a polarized positron source
seems to be worthwhile.

The basic idea for a polarized positron source was proposed by V.E. Balakin
and A.A. Mikhailichenko in 1979 [ ref.9 ]. In contrast to the unpolarized source
(see fig. 1.0 ), a helical undulator is used instead of the planar wiggler to
produce circularly polarized photons. Since only the photons near the optical
axis of the undulator are circularly polarized, a scraper collimates the photon
beam. Therefore an overproduction of photons is necessary and the length of
the undulator has to be larger than the wiggler of the unpolarized source. The
polarized photons are converted into polarized electron-positron pairs in the
converter target.

Before we investigate this scheme in more detail, we recall some of the basic
properties of polarized photon and positron/electron beams.

2.2.0 Classical polarization and quantum mechanical spin formalism

The polarization state of a classical electromagnetic wave is completely
characterized by four independent quantities, for example:
- the intensity of the wave
- the polarization with respect to a set of two orthogonal states
( transversal or circular )
- the phase-relation of these states
- the coherence of the wave.
A more convenient parameter set are the so called Stokes parameters (G.G.
Stokes 1852) which are directly related to four measureable quantities, i. e.
intensities:
- The first Stokes parameter Eo is the total intensity Io of the wave: Fo=1Ilo
- A combination of the intensity behind a polarizator in x direction Ix and
the respective intensity in the orthogonal direction ly =lo- Ix gives the
second Stokes parameter Ei:

_ Ix-1y
&= Io

-1 <F1 <+
- The third Stokes parameter £2 is related to the linear polarization in
a coordinate system rotated by 45° with respect to the one used above:

_ Ias-l13s
§2= Io

-1<E2<+1
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- By introducing a phase shift of \/4 between the wave components in x
and y direction ( quarter wave plate) and measuring again the linear polari-
zation at 45°% the longitudinal polarization, related to the fourth Stokes

parameter £3, can be determined:

_IL-Ir
£3= Io
-1<E3<+1

1/ F12+£22+E3% <1 is a measure of the coherence of the wave, while for the
coherent part of the wave the phase a between the orthogonal components

in the x and y directions may be obtained from:

tanoc=-—§1—
£2

Now we consider the mathematical description of a wave:

B(w.z,t) = (Ex(w.2,t), Ey(w.z,t))
with
Ex(w,z,t) = Ax(t) * ei(mt -kz)

Ey(w,z,t) = Ay(t) * ellot —kz)

(2.1)

where Ax (t) and Ay(t) denote time dependent complex amplitudes.
The intensity averaged over time ( denoted { > ) is obtained by:

lo=E0=<|Ewzul?>= <BE*> =1 <AxAX >+5<AVAY">

The effect of a polarizator can be applied to equation 2.1 by multiplying it

by the matrix Tx ( or Ty):
11 O 10 0O
m[s 8] we[8 0]

Ix=<{| Tx* E(w,z,)|®> = 1;(Axf\x’“>

We obtain:

Iy = Io-Ix = 'é"(AyAy*>

£1= SAxA> - CAYAY"D
* *
(AxAx > + {AyAy >
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For the measurement at 45° we need in addition the rotation matrix T45:

Tas = [ 4 1]

las={|Tx - Tas* Blw.x.t)| 2D

£2= SAXAY') + CAx"Ay> (2.3)
(AxAx" D+ {AyAy*>

Finally for the phase shift we need the matrix T% :

|1 o
T%‘[o i]

IL =] Tx'T45‘T72r_' E (w.z,0) | 2>

i(- (AxAy™> + {Ax Ay>)

. > (2.4)
{AxAx > + {AyAy >

§3=

These results may be expressed in a different form. We introduce the density
matrix p:

(AxAx")> <{AxAy*> 1+ & E2 - i3

=1
2

=L
e= Io #* *
{Ax Ay, <AyAy > E2 + i3 1 -8

By means of the Pauli spin matrices:
Z = 1 0 Z = 0 1 = 0 —i
‘ [o —1] ’ [1 0 S R

the polarization states may now be obtained by:
En = Tr( e - ¥n)

This is equivalent to the usual description of polarization in quantum mechanics,
where Ax and Ay represent field operators.

The formalism is the same for photons and electrons exept for one substantial
difference. For a mass-less particle like the photon, only the projections of
the field operator on the direction of motion are gauge invariant and hence
observable properties. Therefore the coordinate system has to be chosen in
a way such that Ax and Ay are perpendicular to the direction of propagation.
Then i(-{AxAy >+ <{Ax Ay)) has the form of a spin operator and can be
interpreted as the projection of the angular momentum on the direction of
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motion[ ref. 39]. Thus one can say that the spin of the photon is always
oriented in the direction of propagationl.

The components £1 and E2 are defined only with respect to the chosen co-
ordinate system, i.e. they can be transformed into a new system, rotated by
an angle { with respect to the direction of motion.

The vector P=(lo,¥1,£2,E3) transforms into P' in the new system, by means
of: P'=Ty *P with the transfer matrix

1 0 0 0
0 cos2¢ #¥sin2¢ O

0 £sin2¢ cos2¢ O
0 0 0 1

For an electron exists no preference direction. Hence the spin, i.e. the
projection of the angular momentum on a reference axis, may be defined with
respect to an arbitrary coordinate system, without regarding the motion of
the particle. (The angle between the spin axis of an ensemble of electrons
and the direction of propagation can even be changed by means of ' spin rot-
ators' , i.e. special arrangements of electromagnetic fields. This is impossible
in case of photons.)

We define:
E1 = spin component in x direction
E2 = spin component in y direction
£3 = spin component in z direction

where x,y,z represent an orthogonal coordinate system. The transformation
into a new coordinate system can be performed with the transfer matrices:

(1 0 o o ] 1 0o 0o o0
0 cose 0 Fsing 0 cos® Fsin® O
Te = Te =
0 0 1 0 0 +sin® cos® O
| 0 *sing 0 cose | 0 0 0 1]

Te = rotation about y axis
Te = rotation about z axis

Orthogonal spin states describe states with an angle of 180° in ordinary space,
while the transverse polarization states of the photon differ only by 90°. There-
fore the angle in the transfer matrix of the photon Ty has to be 2V.

1 The angular momentum of a circular polarized photon beam has been
measured by R. A. Beth[ ref.40 ].
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2.2.1 Calculation of polarized electromagnetic showers

The obvious way to calculate electromagnetic cascades is to simulate the
shower by means of Monte-Carlo methods, i.e. particles are tracked through
a material while processes occur with a probability given by their cross

section.
The development of the shower is nearly unaffected by polarization effects.

Only negligibly small asymmetries in the angular distribution may occur in case
of polarized primary particles.

The processes of an electromagnetic cascade are of quantum mechanical
nature and describe the interaction of particles with each other. A single
particle is always completely polarized with respect to any direction and the
expectation value determines the probability of finding the particle in one of
two orthogonal states. The Monte-Carlo approach would be to generate ran-
domly the spin state of the particles with respect to the expectation value
and calculate the processes with completely polarized particles.

This way has to be chosen if, for example, the asymmetry of the angular
distribution should be calculated.

However, we are only interested in the mean polarization of the particles emer-
ging from the target. Thus it is sufficient to calculate the polarization
properties of the single processes using the quantum mechanical expectation
value which is equivalent to the classical polarization of a wave.

A convenient form for the description of polarization properties is a matrix
formalism developed by H. Mc. Master [ ref. 41, 42 1. Any process can be des-
cribed by a matrix T by means of:

P'=T=P (2.5)
with P'= (0o, Or1, Oz, Oca) = cross sections for the states of the
outgoing particles
P = (1, &, E2, £3) = polarization of the incoming particle

The element Ti,1 is the total cross section for the process.

0en/Ti1,1 gives the expectation value for the polarization as a function of the
polarization of the oncoming particle.

We make use of a reduced formalism where the matix of eq. 2.5 is divided
by Ti,1, hence:

Pv = (1, Ef. EZ'- Ea' )
P = (1, &, E2, E3)
Tia =1

Since we have introduced polarization into an already existing Monte-Carlo
program the production of the particles is predicted by the program and we
have only to calculate the associated polarization states which can be done
with the reduced matrix.
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2.2.1 The Electron-Gamma-Shower code EGS 4

The EGS codelref. 18 1 is a general purpose package for the Monte-Carlo
simulation of electromagnetic showers. It has been developed by R.L. Ford
and W.R. Nelson based on a work of H.H.Nagel [ref. 43 ]. Since its formal
introduction in 1978 it has been extended and improved and a lot of comparisons
with experiments have been performed [ref. 44,45 ].

A blockdiagram of EGS4 is shown in fig. 2.1. The program consists of two
parts, the user-written program ( Main) with the subroutines Howfar and Aus-
gab and the actual EGS code which is a large subroutine with a number of
sub-subroutines.

In the Main program some initialization takes place and the EGS code is called.
The geometry of the problem that should be calculated has to be introduced
in the subroutine Howfar, while in Ausgab the information which the user
needs, have to be extracted.

In the EGS code itself the bookkeeping for the particles of the shower is per-
formed and various processes are calculated in sub-subroutines e.g. brems-
strahlung in BREMS and pairproduction in PAIR.

An important feature of the EGS code is that additional calls to Ausgab can
be ' switched on ' by the user by means of some statements in the Main pro-
gram (optional calls in fig. 2.1 ).

User
Control
Data

Information
Extracted
From Shower

C

w

o

MAIN HOWFAR AUSGAB |&q o
o

'y >< 3 ,101

VL v m
&

HATCH SHOWER ¥ ELECTR PHOTON 8
O

m

I c 1
Bl annTH
>{BHABHAH
BIMoLLERH

*) | *
had

—» UPHI

Fig. 2.1 Blockdiagram of EGS 4. Boxes represent subroutines and arrows indicate

ed |

{compT I

{PAIR |4

[ProTo |«

L%,

* optional calls
to AUSGAB

calls to subroutines.
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Therefore the calculation of the polarization states can be done in Ausgab,
without affecting the performance of the actual EGS code:

A first call to Ausgab has to be made before a process starts. Here the
properties of the incoming particle, i.e. energy, angles and polarization are
extracted.

After the process has finished Ausgab is called for a second time. Now the
properties of the outgoing particles are extracted and their polarization states
are calculated.

For the calculation of the polarization states we make use of various coor-

dinate systems which are defined as follows.

- The geometry of the target, the direction of motion of the particles etc.
are defined within a fixed coordinate system X.,Y,Z.

- Fach particle carries its own coordinate system with the z axis in the
direction of propagation of the particle. The y and x axis are orientated in
a way that the Y axis of the fixed system is parallel to the y-z plane of
the moving system (X axis parallel to the x-z plane).

- We consider only two body reactions which take place in a plane (scat-
tering plane). For the calculation of the processes we need a third coor-
dinate system. Here the y and z axis are within the scattering plane,
while the x axis is perpendicular to it.

The calculation for the polarization states is done in steps. The general se-
quence of these steps may be explained by the example of bremsstrahlung:
The coordinate system of the process is determined by the scattering plane
and the direction of motion of the outgoing photon. Both are predicted by
EGS 4.

At first the polarization of the incoming electron is transformed into this
system by means of the matrices Te and Te.

Than the calculation of the polarization of the outgoing photon and electron
take place.

Finally the polarization is transformed into the particle coordinate systems by
means of T¥ ! or Te™! and Te™! for the photon and the electron, respectively.

Behind the target we average over the polarization of the particles emerging
from the target in their respective coordinate systems. This differs from the
usual way of defining the polarization of a beam, where a common coordinate
system, i.e. the beam axis for the longitudinal polarization, is used. However,
since the angles of the accepted positrons are only small and due to symmetry
effects the result differs by less than 2%. In addition the projection angle of
the spin might be changed in the adiabatic matching device.
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2.3.0 Polarization effects in electromagnetic cascades
- Discussion of individual processes

We will now consider the polarization effects in the basic processes of an
electromagnetic shower. Since only the longitudinal polarization has a long
term stability in the shower development, we will concentrate on this.

In the energy band of interest for our purpose (=2 MeV) only pairproduction,
bremsstrahlung and compton scattering have significant cross section ( see
fig. 1.1 and 1.3). Therefore only these processes have been introduced in our
code up to now.

Scattering asymmetries which may occur for states of transverse polarization
are neglegted. However, transverse polarization is calculated in all processes,
to be able to introduce scattering asymmetries if desired.

£3 denotes the longitudinal polarization for all particles, while £2 denotes for
electrons the polarization perpendicular to the scattering plane and in case of
photons the polarization with respect to the orthogonal states in the scattering
plane and perpendicular to the scattering plane, respectively. Thus &1 denotes
the polarization in the scattering plane for electrons and 45° to the plane
for photons.

2. 3.1 Bremsstrahlung & Pairproduction

Bremsstrahlung and pairproduction are essentially inverse processes, as can
be seen from the Feynman graphs (fig. 2.2). Hence one can derive the cross
section for pair production from the cross section for bremsstrahlung by
multiplying both the energy and polarization vector of the outgoing electron
by -1, keeping all other variables unchanged [ ref. 46 ].

Nucleus

Eo

Fig. 2.2 Feynman graphs for bremsstrahlung (left) and pairproduction (right)

We use the cross section which has been calculated by H. Olsen and L.C.
Maximon [ref. 46 1!. Using the reduced matrix formalism the polarization of
the outgoing particle (electron or positron) can be calculated by means of

1 It should be mentioned, that a sign error occurs in a previous paper of Olsen
and Maximon [ ref. 47 1 and in Mc Masters paper [ref. 42 ], which is corrected

in the later paper ref. 46.
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the transfer matrix:

OO =
c oo o
oo oy
~omeo

0

= (e® +(e-k)?)(3+2I')-2¢e(e -k) (1+4u*(°T)
{8e(e-k) u?*C?T}/1

{4k(e -k) Cul- 2C)T}/1

k{(e- (e ~k))(3+2T)+ 2(e-K(1+4u**T) } /1

[ulile s Bl w AN
n 1]

energy of the outgoing electron/positron in units of mc?
energy of the photon in units of mc?

I

component of [_)) perpendicular to ¥

electron/ positron momentum in units of mc

momentum of the photon in units of mc

=1/ (1+u?)

Homom

m

AN LV VL
i

contains the Coulomb and screening effects:

1
3
A= 12Z%(e-k)( Z = atomic number

121 k

k
2e (e-k)

& =

=
1]

In(1/8) - 2 - f(Z) + F (%) for A <120

-
]

In(1M/(CZ%)) -2 - £(Z)  for A>120

( complete screening)

f (Z) is the Coulomb correction term that was derived by Davies,
Bethe and Maximon [ref. 48 1. We use an approximative formula

given in ref. 18 ( Eq. 2.7.17 ).

F (%—) contains the screening effects and is zero for A<0.5 (No
screening ). For 0.5 <A< 120 (intermediate screening) it is a slowly
decreasing function. Tabulated values for F (%) are used [ref. 49 ]

with a linear interpolation in between.

The term D in the transfer matrix leads to an asymmetry in the angular distri-
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bution if the photon is transversely polarized. This effect is neglected in our
calculations.

Fig. 2.3 shows the longitudinal polarization of the produced particle (electron
or positron) as a function of its fractional energy e/k (incoming vy-beam:

20 MeV, Ea3=+1).

l‘o M ' ! | i ! ' i ! ! ' ] ! ' ! LI
E3
9.5 _
0.0
_0'5 { L 1 1 " "
c.0 0.2 0.4 0.6 0.8 1.0

€

k
Fig. 2.3 Circular polarization of particles produced in pairproduction process
as a function of the fractional energy

( The plot differs from the plots in ref. 46 where the polarization for a fixed
emission angle is shown, while here the emission angle is a function of the
fractional energy which is calculated by EGS.)

The polarization of the photon is transfered to the particles with the highest
energy, while it has the opposite sign for low energy particles. The production
probability as function of the fractional energy is plotted in fig. 1.2. It shows
a roughly flat distribution for all particle energies.

Due to the inverse nature of bremsstrahlung and pairproduction, the transfer
matrix for the photon generated in a bremsstrahlung process is given by:
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cbbo=
mo oo
oS o @
~oc oo

I = (e1®+ €2®)(3+27)-2¢e1e2 (1+4u*(?T)

D = {8e1e2 u*’T}/1

E = {4ke2Cu(27-1)T}/1

L = k{(e+e2)(3+2T)-2e2(1+4u*C* I }/1

€1 = energy of the incoming electron/positron in units of mc?
€2 = energy of the outgoing electron/positron in units of mc?
P = electron/ positron initial momentum in units of mc

k = energy of the photon in units of mc?

u = [ul

¥ = component of ;—)) perpendicular to '3

3 = electron/ positron momentum in units of mc

K = momentum of the photon in units of mc

As in the case of pairproduction the high energy photons carry the longitudinal
polarization of the incoming particle.

For our purpose the polarization of the electron/positron after the bremsstrah-
lungs process is of even greater interest than the polarization of the generated
photon. This cross section is not explicitly given in the paper of Olsen and
Maximon, however, it can be derived from the cross section do (p, {1, {2, k, e)
(eq. 5.7 in ref. 46 ) which still contains the polarization states of all particles
involved.

The relation:

(@-€) (B-€*) =L {d&-8- (3-8 (B-2) | [ref. 50]

€= polarization vector of the photon

28 -
a,b = vectors
B = unit vector in the direction of motion of the photon

is needed to sum over the polarization states of the outgoing photon.
We found the following transfer matrix:
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mo g o
oz oo
omo

oo o~
<
+
v

(e12+ €22)(3+2T) -2¢e1ez (1+4u?°T)
ge2{4k Cu(1- 20)T}/1

e1 {4k Cu(20-1)T}/1
{4c1e2(1+T-2u?0?T) } /1

= {K*(1+8T(L-05)}/1

I
F
E
M
P
Fig. 2.4 shows the longitudinal polarization of an 20 MeV electron as function
of its energy e2=¢1-k after bremsstrahlung as produced by EGS. It can be

seen that even if the particle loses half of its energy, the polarization loss is
below 20%.

3]

0.0 0.2 0.4 0.6 0.8 1.0

€2
€1

Fig. 2.4 Longitudinal polarization of positrons after bremsstrahlung as a
function of the fractional energy loss
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2.3.2 Compton scattering

The ratio of the cross section for Compton scattering to the pair production
cross section scales inversely with the atomic number Z. Hence it is somewhat
larger in a light material ( Ztungsten / Ztitanium ~3). However, the Compton
cross section scales for Ey > 1MeV roughly proportional to 1/ Ey. Thus the
overlap with the pair production cross section is only small. ( See fig. 1.1 for
comparison. )

1.0 T

&)

0.5 - .
4

0.0

-0.5 - -

-1.0 - : : ! '

0.0 0.2 0.4 0.6 0.8 1.0

k
ko

Fig. 2.5 Circular polarization of Compton scattered photons as function of
the fractional energy loss

Complete cross sections for Compton scattering have been worked out by
F.W. Lipps and H. A. Tolhoek [ref. 51 1. For unpolarized target electrons the

polarization transfer matrix for the outgoing photon is given by:

[ 1 0 Eln*9 0 ]

0 Zcpsf 9 0

T= El—xnﬁ 0 1+c<.;328 0
| o 0 0 Zcos®, (ko-k)cosd(1-coss) |

1+cos?8+(ko-k)(1-cos$)

—
!

Ko
4

cos g =

Kol
19

momentum of the incoming photon; ko
momentum of the outgoing photon; k

Bo*xK
ko* k

1]
]
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Fig. 2.5 shows the longitudinal polarization of the photon after Compton
scattering as function of its fractional energy. The polarization remains un-
changed even for large energy losses.

2.4.0 Results
- Polarized positrons formed by monoenergitc photons

Before we investigate the polarization effects in a positron source based on
undulator radiation, we study the influence of the target thickness and the
target material by means of a monoenergetic photon beam. These material
dependent effects are not so prominent in the case of undulator radiation due
to the complicated spectrum with varying polarization.

In fig. 2.6 the polarization of the positrons emerging from the titanium target
is plotted for various target thicknesses. As primary beam 20 MeV photons
with longitudinal polarization £3=1 have been used. A comparison with fig. 2.3
and fig. 2.4 shows that only for very thin targets the spectrum of the polarization
is determined by the production process, while for targets of 0.4 Xo it is
equivalent to the polarization obtained after bremsstrahiung. Particles which
are produced with only a small fraction of energy get lost in the thicker
target, while these energy bands are repopulated with positrons which were
produced with a higher energy and higher polarization. Hence the mean pola-
rization is higher for a thicker target!

From the pair production process (fig. 2.3 ) one might conclude that one has
to select the high energy part of the positron spectrum to get a higher
polarization. However, this is not the case and the effect of a selective
capture optics is only small as will be shown later.

Fig. 2.7 shows the polarization of positrons emerging from a 0.4 Xo thick
target for various materials. The mean polarization is §3 = 0.71 for titanium,
and £3 = 0.66 for tungsten which might be regarded as the maximum pola-
rization which can be obtained with a target thickness of 0.4Xo and no
special capture optics.
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Fig 2.6 Influence of the target thickness on the polarization of positrons emer-
ging from a titanium target
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Fig. 2.7 Influence of the target material on the polarization of positrons emer-
ging from a target of thickness 0.4 Xo.
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Polarization characteristics of helical undulator radiation

In extension of the discussion in chapter 1.2.2 we will now consider the pola-
rization characteristics of helical undulator radiation.
The Lienard-Wiechert integral (see eq. 1.5) has the general form:

I (w.0) = :;[—2 | [ R 'Ex(t)'e“"tdtlz | [ R -Eym-e'tdt 2

I IX(w.0) |2+ I[y(w.ﬂ) |2

1]

Ex(w.0) and Ey (w.0) represent complex field amplitudes of the radiation
field and R(v) is the distance between the observer and the emitter at the
retarded time. We will consider the far field approximation now, where the
distance D from the end of the undulator to the observer is much larger than
the length L of the undulator itself: D> L. ( Near field effects will be dis-
cussed in ch. 5.2.1. )

Here R can be treated as a constant and the polarization can be calculated by
setting:

1< [*

1 [*

;— {AxAx*)

1 *
7<Ay Ay"> see eq. 2.1

The Stokes parameters can now be calculated by means of the formulae 2.2,
2.3 and 2.4.

For the helical undulator we obtain for the field amplitudes ( see ch. 1.2.2 for
comparison ):

© 1/
= 10°¢? * K &n _ N 252 2
Ix(E) = ;1[—47[—80—;-2'(:—2] T*[ l: x] Jax) *3(X¥°0°-an” )
= 6.3 ‘2
Iy(E)=izi[—“1&°eW] —{(;-* Ja(x) * §(v202% - an?) (26)
n=

2
apn? = [n* (.)1(1(1;-1( ) _1_K2:|
_ W
x = 2xKx (1)1(1+K2);”ocn
. 4mY3c
w1 = 3
(1+K°) Au

J .= Bessel functions

© = observation angle with respect to the undulator axis.

i.e. Ix has only a real component, while Iy has only an imaginary component.
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In this case the calculation of the Stokes parameters is further simplified and
we get for the circular polarization:

_20xly_
& I+ Iy®

The natural line shape of the radiation has the form sin®Nm (<57 /( w-nowt)?

(N = number of undulator periods, w1 = wi(®)) and is approximated by a
3-function.
From

y2@%-0,2 =0
we obtain the half opening angle of the radiation cone ©® to be:

1.
- % _ 1 Wi (1+K>) __ 2172
0= =T pa UKD g2 ] (27)

Beside these complex formulae an instructive way of viewing the radiation
pattern of the helical undulator radiation is to consider the motion of the
electron in the laboratory frame and in a moving frame which moves with
the velocity of the electron in the direction of the undulator axis (see
fig. 2.8).

In a weak undulator with the undulator parameter K ~ B[ T] * Au[cm] << 1
( eq. 1.6 ) the electron moves with non relativistic velocity on a circle and rad-
iates a dipole pattern like it is sketched in fig. 2.8. The intensity has a maxi-
mum in the forward and backward direction and a minimum radial to the circle
of motion (©'=n/2). In the laboratory frame the radiation is boosted into the
forward direction and we observe the radiation spectrum, plotted in fig. 2.9
(first harmonic), with a maximum intensity at its highest energy ( from the
photons in forward direction) and at its lowest energy (from the photons in
backward direction). The highest energy of this spectrum is the characteristic
energy of the spectrum as defined in eq. 1.7 .

In an undulator with increasing K-value the motion of the electron in the
moving frame becomes more and more relativistic and the radiation forms a
synchrotron radiation pattern.

Obviously only harmonics of the fundamental frequency i.e. the rotation fre-
quency occur. However, due to the angular distribution of the radiation we
observe harmonic bands rather than a line spectrum in the laboratory frame.
Since the radiation of the higher harmonics is radiated more and more radial
to the circle of motion in the moving frame (©'=n/2), the maximum intensity
is more and more concentrated at the middle energy of the harmonic bands
in the laboratory frame. Fig 2.9 shows examples of harmonics for K=0.7.

The harmonic bands of the radiation are represented in equations 1.8 and 2.6
by single terms of the sum. Adding all harmonics we obtain the spectrum of
fig. 1.5.
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Fig. 2.8 Radiation pattern of a helical undulator in a moving frame and in the
laboratory frame

The lower scale in fig. 2.9 shows the emission angle of the radiation which
is connected to the energy according to eq. 2.7. The maximum energy noi is
radiated on the undulator axis, while the lower energies are radiated into a
cone with increasing opening angle.

However, since only the first harmonic has the maximum of radiation at the
upper energy limit, we can conclude that only the first harmonic radiates a
significant part of its intensity on the undulator axis.

In fig. 2.10 the circular polarization £3 and the transverse polarization £1 are
plotted versus the fractional energy, while fig. 2.11 shows the polarization
state versus the emission angle. ( €2 is always zero in our coordinate system. )
The polarization distribution of the individual harmonics is nearly independent
of the harmonic number and, apart from the normalisation of the emission
angle, nearly independent of the K-value.

The functional dependence can be explained by means of the transformation
properties from the moving frame into the laboratory frame. The highest energy
corresponds to the emission in the forward direction in the moving frame. Here
we sec the particle moving on a circle, hence the radiation is circularly polarized.
The mean energy corresponds to the radiation emitted radial to the circle of
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Fig. 2.9 First harmonic, second harmonic, and fifth harmonic of helical undu-
lator radiation, K = 0.7, vertical axis in arbitrary units. Lowest scale: normalized
emission angle. See fig. 1.5 for comparison.
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Fig. 2.10 Circular (solid line) and transverse (broken line) polarization versus

fractional energy, K=0.7
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Fig. 2.1 Circular (solid line) and transverse ( broken line) polarization versus
normalized emission angle, K=0.7
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motion in the moving frame. Here we see the particle moving up and down,
hence the circular polarization is zero, but the transverse polarization &1 is one.

Going further down in energy we see the particle from the backside. It moves
again on a circle, but in the opposite direction, hence the polarization goes
down to -1.

We can neglect the negative polarization of the low energy photons of the first
harmonic, since they anyway take no part in pair creation. The higher
harmonics, however, radiate at maximum at their mean energy where the
circular polarization is zero. Therefore we have either to use an undulator
with low K-value to suppress the higher harmonics or scrape the unpolarized
photons off. This is possible since they are not emitted along undulator axis.
A scraped undulator beam also becomes more and more monoenergetic with
decreasing scraper angle and the positron production will be simillar to the
simulations with the monoenergetic photon beam.

2.5.1 Near field effects

If the distance D between observer and undulator is of the order of the undu-
lator length, the undulator can no longer be treated as a point like source.
For D=L we consider the undulator assembled out of pieces of length 1, so
that on the one hand D >>1 is fulfilled for every piece, but on the other hand
there is still a large number of periods in every piece. Since we are interested
in a long undulator with small period length (L~100m, Au~ 1cm, N~1- 10*)
both conditions can be fulfilled.

The geometrical line width given by sin® N« (£50!) /(_w_-_r?losl’_l)z is even for smaller

N (N=50-100) well approximated by a - function, so that every piece of the
undulator emits a line spectrum into a given direction.

At the observation point contributions from the various undulator pieces add
up. However, due to their different angles they have different frequencies and
the polarizaton is not changed due to a coherent superposition of waves with
the same frequency.

Hence the polarization can be approximated by:

02 Q2
£ (0,x, D) = [ 53(w,@)-1(m,@)d@/f I (0,0) do
1 ©1

x = distance of the observation point from the undulator
axis

emission angle with respect to the beginning and the
end of the undulator

01, O2

i

Obviously the near field effect for D> L is zero on the axis and only small as
long as x/D< 1/y Y1+K=2.

Since the condition D=L can be fulfilled in case of our positron source, we
will not consider the case D <L, where the polarization may be changed due
to a coherent superposition of waves with the same frequency.
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2.4.0 Results
- Polarized positrons formed by helical undulator radiation

We will now investigate the polarization properties of a positron source based
on the radiation of a helical undulator. In order to increase the polarization
of the positrons, we will discuss the effect of an energy scraping of the
positron beam and a geometric scraping of the photon beam, respectively.

Fig. 2.12 shows the longitudinal polarization of the positrons emerging from the
target (0.4 Xo titanium) and behind the capture optics as a function of energy.

0.6 L A TR A A A RS RS S At S ey

§2 [

0.4

0.2

0.0

_0_2 S S S S S K U SN S VR N SRS W S N S R U T R T S RS
0.0 10.0 20.0 30.0 40.0 50.0 60.0

E [MeV]

Fig. 2.12 Circular polarization of positrons versus energy emerging from the
target (dotted line) and behind the capture optics ( solid line ), K =1, E1= 20 MeV

Owing to a correlation of the energy loss due to bremsstrahlung and large
scattering angles which is caused by the path-length of the charged particle
in the target, the effect of the bremsstrahlung on the polarization is somewhat
compensated by the capture optics, because here only particles with small
scattering angles are collected. Hence the polarization which is equilized by
the bremsstrahlung process, is structured again by the capture optics ( see
fig. 2.3 and 2.4 for comparison). The mean polarization is, however, not sig-
nificantly affected by the capture optics.

The polarization at low energy is formed by a superposition of positrons which
are produced from low energy, highly polarized photons (from the first
harmonic), from low energy, weakly polarized photons (from the higher
harmonics) and from high energy, highly polarized photons either via production
at low energy (fig. 2.3) or by energy loss due to bremsstrahlung (fig. 2.4).
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In total the polarization is highest for the high energy positrons. However,
the maximum number of particles is at lower energy (see fig. 1.17 ). Therefore
the effect of a spectroscopic optics which offers the possibility to scrape off
low energy particles is only small, if a reasonable yield is required.

Fig. 2.13 shows the capture efficiency of a spectroscopic optics as a function
of the cut off energy Eb and the respective polarization.
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Fig. 2.13 Effect of a cut off energy Eb on the capture efficiency (solid line)
and on the polarization (dotted line). The arrows indicate the loss in the
capture efficiency and the gain in the polarization, respectively.

If we introduce a cut off at ~15 MeV, so that particles with E>15 MeV are
collected, the capture efficiency decreases by a factor of 2 from about 20%
to ~10%, while the polarization of the beam is increased by a factor of only
1.2 from ~25% to ~30%.

The effect is shown in fig. 2.14 for various K-values. Here the polarization is
plotted versus the capture efficiency. The slope of the curves is roughly in-
dependent of the K-value. As expected, the polarization increases with decrea-
sing undulator parameter, however, even for K=0.5 the polarization stays be-
low the polarization of positrons formed by monoenergetic photons. In addition
the undulator has to be very long in the case of low K-values, roughly 1000 m
for K=0.5 ( see eq. 1.9 and fig 1.6).
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Fig. 2.14 Polarization versus capture efficiency for various undulator para-
meters K

Variation of the energy of the first harmonic E1 has no significant effect on
the polarization within the range of E1= 10 MeV up to 30 MeV, but as already
mentioned it does affect the yield (fig. 1.8).

We discuss now the effect of scraping the undulator radiation on the positron
polarization. We will neglect the influence of the beam emittance of the
primary beam here. That will be discussed in ch. 2.7.0.

The opening angle of the radiation of the helical undulator is ~1/y for K<1.
Therefore the rms-spot size of the radiation orad is approximatively:

orad '317(%+ D)

In order to reduce the thermal stress in the target to a reasonable level, the

spot size has to be of the order of

orad® (05-10)- 103 m

Weget(-12‘—+D)‘*’250—500m

In addition D >L should be fullfilled in order to reduce near field effects and
allow an efficient scraping of the y-beam.

For the following calculations we have chosen L= 100 m and D=350 m. Near
field effects are included in the simulation as a statistical mixture of polarized
photons starting at various points in the undulator.

- 82 -



g3

— ¥6=0.4; r=0.3mm
0.2 - e v86=0.7; r=05mm
-—- y0=14; r=1.0 mm
-~ y0=21 r=1.5 mm

0.0 1 : . .l . - 1 N 1
0.0 0.05 0.10 0.15 0.20 g.25

capture eff.

Fig. 2.15 Influence of the scraper angle on the polarization, K= 0.7
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Fig. 2.16 Influence of scaper angle YO = 0.7 for various undulator parameters

K on the polarization
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In fig. 2.15 the effect of a scraper iris is shown for scraper radii from 0.3 mm
to 1.5mm. The corresponding normalized emission angles y©® refer to the
middle of the undulator and can be compared with fig. 2.11. For small radii
the polarization obtained is roughly independent of the K-value as can be seen
from fig. 2.16. The efficiency of the spectroscopic optics is not affected by
the scraper. In fig. 2.17 the polarization at maximum capture efficiency is
plotted for various undulator parameters.

A polarization of nearly 70%, corresponding to the polarization which we have
obtained with a monoenergetic photon beam can be achieved even with a high
undulator parameter. However, with increasing undulator parameter more and
more photons have to be scraped off. Fig. 2.18 shows the positron yield per
meter of undulator versus the undulator parameter for a non-scraped beam
and for a scraper angle of YO /71 +K? = 0.5.

The power deposition in the scraper reaches levels of 80% of the photon beam
power at high K-values and small scraper radii. The photon beam power is ~3%
of the electron beam power (L=100m), ie. ~170 kW and ~400 kW for the
S-band and the TESLA approach, respectively.

Since the particle density scales roughly with 1/r, we can assume that the
temperature rise in a titanium alloy scraper during a shot is below that in the
target. (Remember that the particle density reaches its maximum at a depth
of 0.4 Xo; see fig. 1.11.) However, the power deposition is much higher in the
scraper than in the target and in addition it is difficult to rotate a scraper,
so that the energy has to be lead away between subsequent shots. Hence the
collimation has to be done in steps or with a long tapered scraper, in order
to provide a large surface for cooling.
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Fig. 2.18 Positron yield with and without scraper
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2.7.0 Design parameters of a high intensity, polarized positron source

In order to produce a high number of photons, the undulator has to be very
long in case of a small K-value. To suppress near field effects and allow an
efficient scraping, the distance between undulator and target has to be even
longer (D=L ). Then, however, the spot size of the radiation becomes too
large and the capture efficiency will drop. Hence a higher undulator parameter
is desirable.

On the other hand the undulator parameter is limited due to technical problems.
Higher K-values call for both higher fields and shorter undulator periods if
the energy of the first harmonic is to be kept constant. Table 10 compares
magnetic fields and undulator periods for various K-values with a fixed
energy of the first harmonic of E1=20MeV for a 250 GeV electron beam.

K BIT]| Alcm]
0.5 0.23 24
0.7 0.38 2.0
1.0 0.72 1.5
1.2 1.06 1.2
1.5 1.76 0.9

Tab. 10 Undulator parameter K, magnetic field B, and undulator period )\ for
E1=20 MeV, E =250 GeV

A. A. Mikhailichenko has investigated various design options for an undulator
with small period length and high field [ ref. 25]. An attractive solution is
an undulator with superconducting coils wound as sketched in fig.1.4.

According to ref. 52 the field on the undulator axis is given by (no iron yoke):

-35.68 'ri -5.68"'ro
B[T]=2385-10°I-u[ e "Au  -e )

ri/ro = inner/outer radius of the coil

1= current density [ A/cm?]

An axial width of 1/3 Au is assumed for the coil.
We set:
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and get:

“In(l-g) . 3,

ro = rit 5 68

The maximum field is obtained with an infinite outer radius (¢=1). If we ask
for 90% of this theoretical maximum, we find with €=0.9:

ro=ri + 0.4-)\u

In order to optimize the undulator with respect to the yield and with respect
to the field dependence as function of Au and ri, we have fitted the yield,
given at points (lu, B) with a two dimensional function of second order.
We found:

Ye+ (Au,B) = -298-10°% + 0.022 -B+ 1.73 -10"3%- B?
+( 155-10% - 8.82-10%-B - 5.73-10 2-B? ) Xu
+ (-346-10°% + 1.93-10°%-B + 2.00-10°%- B2 )- \u?

The formula approximates the positron yield per meter undulator (including
an assumed capture efficiency of 20%') for a scraper angle of Y0/ Ji+x2z = 0.5
within the range of E1=10-30 MeV and K=0.7-1.5 with an accuracy of a few
percent. Since the scraper radius is adjusted according the K-value the
polarization varies only slightly around 66X (see fig. 2.17).

Ye+[1/me-]

»* E~3

ri=1mm

5.00 ‘ ri=2mm
4.080- ri=3mm
‘\ ri=4 mm
3.00- “
‘ ri=5Smm

2.808

.60 .868® 1.8 1.28 1.48 1.68 1.80 2.88
undulator period [ cm ]

Fig. 2.19a Positron yield per meter undulator versus undulator period; current
density 1=600 A/mm?

1 Since the high energy photons are scraped off, the capture efficiency is some-
what higher than in case of the unpolarized source.
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Te+ [ 1/me™ ]
» -3

18 .81 ri=1mm

ri=2 mm

‘ ri=3mm
4.80 ‘ rl:4mm
’ ’ ri=5mm

.680 .808 1.88 1.20 1.48 1.60 1.80 2.88

undulator period [ cm ]
Fig. 2.19b Positron yield per meter undulator versus undulator period; current
density 1=900 A/mm?

We insert:
- 568 ri
B=¢:2385-10°-1-Au-e u

and get the yield as function of l\u and ri: Tet (Au,ri).

This function is plotted in fig 2.19a for a current density of 600 A/mm? and
in fig. 2.19b for a current density of 900 A/mm? in the superconducting coils
corresponding to 4 K and 2 K temperature, respectively.

Table 11 summarizes the yield Ye* at optimum undulator period and cor-
responding parameters. (The values for K and Ei1 are within the range which
is covered by the approximated yield function, while they are out of range at
points (\u,r1) far from the optimum.

The maximum yield corresponds to a K-value of 0.9-1.0. In order to maximize
the yield we have to choose a small period length and small coil radii.
Apart from technical problems of winding a coil with small radius, we have
to worry about operational problems, because the high power electron beam
( some mega watts of beam power) has to clear the undulator bore.

Before we can discuss the operational problems connected with a small aper-
ture in more detail, we need some information about the beam optics in the
undulator.
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| A Y Y !* K E1 B X
mm|cm |10 %m!| m MeV | T urad
1=600 A/mm® £=0.9
1 | 112 743 {135 | 0.90| 29.0 | 0.87| 7.4
2 | 134 533 188 | 093] 239 | 0.74| 10.4
3 | 1.52| 4.08 |245 | 091 214 | 0.64| 12.2
4 {170 326 |307 {091 19.0 | 0.58] 13.0
5 | 1.87| 269 |[372 |092| 172 | 0.53| 135
1=900 A/mm’ £=0.9
1 | 099/ 999 [100 |10 | 295 | 1.08| 10.0
2 | 119 701 |143 | 098| 253 | 0.88| 14.0
3 1137 528 |189 | 098] 222 | 0.76 15.8
4 | 1.54| 416 |240 | 098| 19.7 | 0.68| 16.6
5 169 340 [294 | 096| 183 | 0.61| 17.0

» length of undulator without safety margin

Tab. 11 Optimized undulator parameters for various coil radii. x' denotes the
geometrical opening angle of the undulator x'=ri/L

We assume an undulator of length L=200m, a distance of D=350 m between
the target and the undulator, K=1 and E1=20 MeV for the following calcula-
tions.

Following an argumentation similar to that of the case of near field effects,
we expect that the polarization of the photon beam is affected by the electron
beam emittance only by virtue of an incoherent mixture of photons emitted
into different solid angles. This effect is minimized, if the electron beam is
focused onto the target, as proposed also for the unpolarized positron
source (see ch. 1.6.0 for details ). Hence we have to compare the virtual spot
size of the electron beam on the target ¢* with the spot size of the undulator
radiation orad given by:

( —%— +D)=09mm

Crad ™ —1—
Y
Results of numerical simulations are shown in fig. 2.20, where the polarization
as a function of the scraper angle is plotted for various beam parameters.
The minimum attainable beam width at the entrance of the undulator is
ce=0.74 mm for an emittance of £=5-10 m. (For simplicity we consider
round beams.) As can be seen, the polarization is strongly affected. Hence,
we have either to increase the beam width to ce=1mm, or to decrease the
emittance. ( For larger emittances the beam width has to be even larger.)
With €=1-10 '*m the beam width can even be reduced to ce=0.5mm. The
B-function on the target is B*=165m and B* =128 m for £=5-10"'° m, ce=1mm
and £ =1-10" ' m, ce = 0.5 mm, respectively. Hence, the spot size of the electron
beam on the target is ¢* = 0.3 mm and 0.11 mm, respectively which has to be
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Fig. 2.20 Polarization versus scraper angle for various electron beam emit-
tances ¢ and beam dimensions in the undulator ce

compared with the spot size of the undulator radiation. We conclude that:
c* 2—%— orad

has to be fulfilled.

The emittance requirements are obviously much stronger for the polarized
source than for the unpolarized source, i.e. by two orders of magnitude in the
horizontal plane ( compare with ch. 1.6.0 ). Hence, a more refined optics is
necessary to match the disrupted electron beam to the undulator than we have
required for the unpolarized source. As already mentioned, R. Brinkmann has
designed an optics which collects approximtely 90% of the particles within an
emittance of ex>10 ° m and ey ~10 "' m[ ref. 30 ] for TESLA. A similar optics
should fulfill the emittance requirements even for the S-band study at a
reduced capture efficiency.

We will now discuss the operational problems connected with the small aper-
ture of the helical undulator.

In order to avoid a varying positron intensity, the offset of the photon beam
with respect to the axis of the capture optics behind the target has to be
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controlled to a level of Ar<0.1mm, as in the case of an unpolarized source.
This corresponds to an offset in each dimension of the electron beam at the
entrance of the undulator of Ax<0.1/Y2 mm or, alternatively, an angular
deviation of Ax<0.18/Y2 urad for D+L =550 m.

However, due component failure or during start up we have to expect much
larger deviations which might penetrate into the undulator and cause damage
or at least a quench, if it is not protected.

To avoid this, the maximum allowable anglular deviation for a point like beam
on axis is given by:

x' = —'E— ~ ri*Tet(\u,ri)

corresponding to an error emittance of €= x2. B.
Using the Courant-Snyder invariant we can set:

Y&2+20%8 +BR 2 <e= x% 8
with YB—a2=1

R and X'denote the accumulated orbit errors at the entrance of the undulator.
Since we focus the beam onto the target, the optical functions at the distance
s from the target are given by:

Deviations in x and x' can be caused by various objects at various points in
the beam transport line. In the average, contributions in x and x' to the error
emittance are equal. With:

we get:

' 1 .
’)2<—_EX

With geometrical opening angles of the undulator taken from tablell the
angular deviations {' cover the range from S5Syurad up to 11 prad, while the
corresponding offsets & extend from 3 mm up to 6 mm (g*= 140m, s = 550m).
( Since the undulator length was 200 m in our calculations, these numbers are
only valid for ri= 1-3 mm. For larger apertures a longer undulator is required,
see tab. 11.)
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Thus the required aperture of a protection system is dominated by orbit offset
requirements rather than by angular orbit requirements.

In table 12 parameters of a highly polarized, high intensity source are summarized.
( Parameters of the target and the capture optics are similar to the unpolarized
source. )

The calculations in this section are only valid for an undulator without an iron
yoke. Since the optimum fields are comparatively low, the situation might be
improved by means of an iron yoke. This requires, however, numerical calcu-
lations to derive the dependence of the field amplitude on the undulator
period and the coil radius.

inner coil radius 2-3 mm

current density 900 A/mm? at 2K

undulator period ~1.4cm

undulator field ~0.8 T

undulator parameter K 0.98

length of undulator 140-190 m

opening angle ri/L <15 prad

max. polarization* 66 %

power in photon beam ~4 % of electron
beam power

max. power deposition

in collimator ~80 % of Py

* not included: depolarization due
electron beam emittance

Tab. 12 Parameters of a highly polarized, high intensity positron source
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2.8.0 Alternative sources for circular polarized photons
- The asmmetric wiggler and the elliptical wiggler

The helical undulator represents, from the physical point of view, the optimum
device to produce monoenergetic, highly circularly polarized photons, but
from the technical point of view has its difficulties. We will now discuss a
device which is more easy to realize, since it is based on permanent magnet
technology, but will not produce monoenergetic photons.

The circular polarization of the radiation of a bending magnet can be approx-
imated by [ ref. 53 J:

F-F
J=——
¢ F'+ F

with 2
+ . 7+12v0 + 32 YO

2(1+v0%)2 1 /3 (1+y0?)®

In fig. 2.21 the circular polarization and the radiation intensity is plotted versus
the observation angle y©® (perpendicular to the bending plane).
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Fig. 2.21 Circular polarization ( dotted line) and intensity ( solid line, in arbitrary
units ) of the radiation of a bending magnet versus observation angle y©
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The sign of the polarization is reversed if the magnetic field is reversed. Hence
the circular polarization of a planar wiggler with its alternating magnetic fields
is zero.

Two devices have been proposed to utilize the circular polarization of a bend-
ing magnet: the asmmetric wiggler and the elliptical wiggler[ ref. 54,55 ].
In the asymmetric wiggler short strong magnets alternate with weak, long
magnets. Since the radiation from the weak magnets has a lower intensity and
a shifted spectrum, it cannot compensate the radiation from the strong magnets.
However, the mean field amplitude of this device is only small and hence the
total photon intensity per meter of wiggler is reduced.

The elliptical wiggler is basically the superposition of a strong horizontal
planar wiggler (KH>10) with a weak vertical planar wiggler (Kv=>1). The
purpose of the vertical wiggler is not to produce additional radiation, but to
sweep the radiation of the horizontal wiggler over the range of y®=:1. With
a phase shift of 90° between horizontal and vertical plane, the main intensity
of the positive horizontally bending magnets is radiated into the upper half
plane, while the radiation of the negative bending magnets is radiated into
the lower half plane. On the axis circular polarized radiation with equal sign
adds up.

To estimate the polarization of the positrons formed by radiation of an elliptical
wiggler we consider the radiation of the upper half plane of a bending magnet.
As in the case of a helical undulator £3 is given by:

£ = 21XIy
Ix%+ ly2
with
19
[ 108 E ] 2 1 E 23/
IX (E) = [Mso T o rpe | M1 Y€7) K%( 5 o (1+707) )

1/9

6 3 E 3
10 e *(1+Y@2)] +v0 v K, (& E (144002 )

Iy &> =i|:47t€o Hzc"’*znz YZEc

Ec = critical energy of radiation

By means of a scraper the mean polarization can be increased, as can be seen
from fig. 2.21.

Fig. 2.22 shows the photon spectrum integrated over the solid angle for
various scraper angles YOmin. ( Y®Omin =0 refers to the integration over the
upper half plane of the radiation, see fig. 2.21.)

The corresponding polarization is plotted in fig. 2.23.
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With increasing scraper angle the polarization reaches a high level over the
whole energy range. Since the high energy photons are emitted with only small
opening angles more high energy photons than low energy photons are ab-
sorbed in the scraper. Hence the positron yield decreases even more strongly
with the scraper angle than the photon number does.

Tab. 13 compares the number of photons, the positron yield and the polarization
for various scraper angles YOmin. Even with large scraper angles the polar-
ization of positrons formed by monoenergetic photons is not reached, since
high energy photons produce low or even negatively polarized positrons at
low energies.

YOmin Nph | Nph | Ne* | Ne*

- 9.0 | 100 | 0.4 | 100

0 4.5 50 | 0.2 S0 | 37
0.5 3.2 36 | 0.09| 24 | S5
0.7 2.8 31 | 0.06] 16 | 58

Tab. 13 Photon number, positron yield and positron polarization from radiation
of a bending magnet for various scraper angles.

The radiation of an elliptical wiggler is not as highly polarized as the radiation
of a simple bending magnet, because the vertical deflection has the form of
a sine wave and not the form of a step function. Hence, in order to obtain a
higher polarization, a larger fraction of the photons have to be scraped off
and the yield as function of the polarization is even lower.

The photons produced in the elliptical wiggler form an elliptical spot size with
aspect ratio Kv/KH which does not match to the axial- symmetric acceptance
of the matching device. In order to reduce near field effects which might be
stronger in case of the elliptical wiggler since no line spectrum is emitted
and to reduce the thermal stress in the target, the distance D between wiggler
and target has to be sufficiently large. Then the horizontal width of the spot
size given by KH/y (D+L/2) is too large and the capture efficiency drops.
Taking everything into account we conclude that an elliptical wiggler can be
utilized only for a positron source with a lower polarization level and even-
tually reduced yield. However, since it takes only a small investment to modify
the planar wiggler of the unpolarized source to obtain an elliptical wiggler,
this might be an attractive way to do first experiments with polarized positrons
and get experience with a polarized positron source.

_96_



2.9.0 Summary and outlook

In this work we have attacked some problems which have to be considered in
more detail before a positron source based on wiggler or undulator radiation
might be realized.

Concerning the unpolarized high intensity source, the advantages of the soure
based on wiggler radiation are obvious: Due to the smaller positron beam
emittance the capture efficiency can be considerably improved, while the
application of a titanum alloy as target material allows a higher particle
density in the target.

The requirements of the DESY/THD study ( 3.6 - 102 positrons with 50 Hz
rep. rate ) can be achieved with a source based on wiggler radiation. In addition
a rotating target wheel will be required, in order to meet the demands of
TESLA ( 4-10" positrons with 10 Hz rep. rate). A planar wiggler of roughly
40 m length is necessary, to produce 2 positrons per incident electron. ( Factor
2 as safety margin.)

More detailed investigations are needed to solve problems connected with the
electron beam after the interaction. An optics to guide the particles out of
the interaction region and to transport them through the wiggler has to be
developed in detail and the stability of the source has to be studied in more
detail. In addition a protection system for the wiggler should be investigated.
This is of even greater interest for the polarized source, where a superconduc-
ting undulator might be used.

Concerning the polarized source, the results of this work might be summarized
as follows: From the physical point of view a polarized source is possible and
useful, but it requires some effort for its technical realization. Hence one of
the next steps should be to study the technical feasibilty of a short period
helical undulator. We refer here to the work of A.A. Mikailichenko [ ref. 25 ],
who invented the polarized positron source together with V. E. Balakin and has
investigated various types of helical undulators.

In addition the spectrum and angular dependence of alternative photon sources
like the elliptical wiggler should be studied in more detail.

With a helical undulator of ~150 m length a polarization above 60% can be
achieved. Since only the on-axis part of the undulator radiation is circularly
polarized, the photon beam has to be collimated, in order to increase the
polarization.

The results for polarized electromagnetic showers which we have derived by
means of an extended version of the Monte-Carlo program EGS 4 might be
verified with an experiment based on Compton back-scattering:

Low energy circular polarized photons of a laser can be converted into high
energy circular polarized photons by Compton scattering with high energy
electrons. If for example photons of a carbon dioxide laser (EL =0.117 eV)
collide with the electron beam of DORIS (E=3.5GeV), the back-scattered
photons reach an maximum energy of:
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Since the field of a helical undulator in the rest frame of the electron is

equivalent to the field of a circularly polarized, monochromatic electromagnetic
wave, the spectrum of back-scattered photons is nearly equivalent to the
first harmonic of helical undulator radiation ( fig.2.9 ). Hence the radiation
of a helical undulator can also be regarded as a Compton back-scattering
process of virtual photons (Weizsdacker-Williams-Method). Radiation at
higher harmonics is connected to multi-photon effects which could also be
observed in back scattered laser light if a laser of extreme intensity would be
available.

The back scatted photons can be converted into positrons in a thin target and
the measured polarization can be compared with a prediction of the Monte-Carlo
program.
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