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Undulator Design Parameters for International Linear
Collider Operation
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Abstract: In this paper, we make a review of the International Linear Collider design with regard to its positron source. The properties
of the intense gamma ray undulator radiation of the dedicated free electron laser is reviewed. We review the discussions about the
proposed undulator parameters to obtain an efficient operation of the positron source. The proposals and experimental results about
the optimization of the positron beam yield, undulator properties, the injected electron beam energy, polarisation qualities of the
produced gamma rays and the positron beam, are discussed. Alternative ideas and suggestions about the use of excess gamma rays in
other nuclear energy experiments or the use of positrons in the undulator instead of electrons are also mentioned.
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Uluslararas1 Dogrusal Carpistirict Operasyonu i¢in Gamma Isim1 Serbest Elektron Lazeri Salindiric
Tasariminin Kisa Bir Gozden Gegirilmesi

Ozet: Bu makalede uluslararas1 dogrusal carpistirict tasarimimin pozitron kaynagina iliskin bir derleme yaptik. Siddetli gamma 151m
undulatdr 1s1masma yonelik serbest elektron lazerinin 6zelliklerini derledik. Pozitron kaynagmin etkin c¢aligmasi i¢in Onerilmis
salindirict parametreleri tartismalarini derledik. Pozitron demeti kazanimi, salindiric1 6zellikleri, enjekte edilen elektron demetinin
enerjisi, liretilen gamma 15101 demetinin ve pozitron demetinin kutuplanma kalitesine iliskin Onerileri ve deneysel sonuglar1 tartigtik.
Asirt gamma 1gminin diiger niikleer enerji deneylerinde kullanilmasi ile ilgili veya undulatdrde elektronlar yerine pozitronlarin
kullanilmast ile ilgili alternatif diigiinceleri ve dnerileri belirttik.

Anahtar Kelimeler: Helezon undulator, serbest elektron lazeri, siiperiletken undulator, uluslararasi dogrusal ¢carpistirici.

1. Introduction experimental investigations [2, 3]. Omori et.al. [4] proposed

) . ) ) o an electron beam of energy 1.28 GeV to be shone on by a
The International Linear Collider Project (ILC) [1] is aimed at

. . . . . circularly polarized laser light of wavelength A = 532nm at
high energy collision of high quality lepton beams, mainly

; o . an opposing grazing incidence angle. This scheme produces
electrons and positrons among many other applications like

low emittance muon beam collisions for the study of what is
known as the Standard Model of particle physics and further

circularly polarized gamma ray photons by Compton back
scattering mechanism. Cardman reports obtaining circularly

. T s polarized bremstrahlung radiation obtained from circularly
other nuclear physics applications. The main idea of such a

tool is to produce low emittance polarized positron and
electron beams of high quality, both spin polarized in the
forward direction is deemed to be necessary for the

polarized electrons which then produces circularly polarized
positrons in the same material made up of heavy nuclei by pair
production [5]. What seems to dominate as the most
appropriate proposal appears to be that of using an undulator
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[6] to generate a circularly polarized free electron laser gamma
ray beam to hit a resilient material target and hence generate
polarized positrons at an unprecedented rate and quality [7,8].

In this study we make an overview of the ongoing discussions

to elucidate the theory and the developing technology. The
discussion is an ongoing one being supported by simulations
and experimental demonstrations of techniques to be used as
of today.

2. Undulator Structure for a Gamma Ray Laser

The basic principles of free electron lasers (FELs) were
initially suggested by J.M.J. Madey as early as 1970's. [9]. Its
first operation was as an oscillator and used to amplify the
radiation output from a CO2 Laser [10]. However, it was soon
recognized that the system is widely scalable and the
wavelength could be tuned by adjusting the physical
parameters. The laser operation could be pushed into higher
frequencies where the only limitation seemed to be the current
day technology. Starting with FEL’s operating at Infrared
wavelengths, whose operation is ubiquitous these days [11-
12], the FEL theory [13-14] and the FEL technology have
finally reached the Vacuum Ultraviolet and Soft X-Ray Region
of the spectrum in terms of operation [15].

FEL is not a conventional method of radiation generation like
that of standardized atomic and molecular lasers. Therefore,
one needs to keep working on improving the main qualities of
FEL light. In the sections to follow we discuss how a gamma
ray free electron laser (GRAYSER) can have the main four
properties of a laser. These properties are directionality,
monochromaticity, coherence and high power [16]. How and
why this particular source is preferred as the main driver of a
positron light source will also be discussed shortly

2. Elliptical B-Field Undulator Structures

A planar undulator is formed of a series of bar magnets
arranged in such a way so as to create an oscillating magnetic
field on the transverse direction to a certain z —axis as shown
in Figure 1. This permanent magnet structure to form a
sinusoidal transverse magnetic field structure is referred to as
the Halbach configuration. The transverse magnetic field
formed inside the undulator in Figure 1 are oscillating in the
vertical y —direction in a sinusoidal manner. If a charged
particle beam is incident along the z —axis it will make a
slalom motion in the x —z plane as it moves along the
z —direction.
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Figure 1. Ideal planar undulator in the Halbach configuration.

In Figure 1, arrows on the bar magnets show the direction of
the magnetic fields of the individual bar magnets and arrows

in between the arrays show the transverse B —field directions

on the z —axis. The B —field along the axis is expressed as a
sinusoidal transverse magnetic field of the form [17]
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B =98, sin(3z) 1)
where B, is the peak transverse on axis field and where 4,

stands for the undulator period. This B —field leads to a
transverse oscillation of the e trajectories along the
x —direction as the electrons are moving along the
z —direction for this particular configuration.

It is only an extension of the same idea at this stage to add
another oscillating magnetic field structure about the
z —direction based on the same principle but this time along
the x —direction as well, in which case we have a magnetic
field oscillating along the x —direction just as well as along
the y —direction. We refer to this magnetic field structure
made up of arrays of permanent magnets as an Elliptical

B —field structure and the general formula is given as
B = %By,,, sin (i—"z) + 9By, ..sin (j—nz - a) 2)

where B, and B,  refer to the transverse magnetic field
maxima along the x and y directions which are not necessarily
the same. The propagation axis of the electron beam is along
the z —direction. In Equation (2), A4, stands for the
wavelength of the periodic magnetic field along the z —axis,
and «a stands for the relative phase difference between the
permanent magnet structures. The first pair of undulator
sequences form a transverse periodical field along the
x —direction and the other array form a periodic magnetic field
along the y —direction and both having the exact same
periodicity 4,, along the z —direction. The relative phase a can
be adjusted by shifting the relative positions of the magnets
=B,

along the z —axis. For the special case of B, = B,

. 3 . P .
and either ¢ = g ora = 7” are satisfied, the elliptical magnetic

field expression reduces to a helical magnetic field of the form
[18]:

B, = B, sin (i—: Z) 3)
B, = B, cos (i—z z) 4)

An alternative set up to obtain an undulating magnetic field
consists of two helical windings about the same axis with the
same helicity as shown in Figure 2 called the double helix
undulator structure. This configuration may also produce an
elliptical magnetic field about the axis provided that the
currents flow in the opposite direction so as to cancel out the
magnetic fields in the axial direction. The relative phase is
controlled by the relative shift d and the periodicity of the
helices are that of the undulator period. When these wires are
superconductors, they can bear very high electric currents on
the order of kA resulting in an extremely large periodical
magnetic field vector along the transverse direction to the
z —axis given by Equation 2. Under careful adjustment to
magnetic fields of the form of Equation pair 3 and 4 i.e., helical
magnetic fields can be realized[19].
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Figure 2. The Double Helix Undulator.

The design options for a Helical Undulator structure had been
discussed extensively whether it should be a Halbach
configuration fixed magnet structure or a superconducting
helical structure and some preliminary tests have been
performed. Some experiments and demonstrations have been
carried out in favor of the latter [20-23].

4. Directionality

If an electron beam with a relativistic velocity is injected along
the axial direction within vacuum, its trajectory will be bent
and it will follow an elliptical helical path itself along the axis.
A charged particle at relativistic velocity whose trajectory is
bent by a magnetic field emits what is known as Synchrotron
Radiation of broad spectrum into a cone of opening angle 1/y
where y stands for the relativistic energy parameter of the
moving electron beam. The total energy of the electron is

E = ym,c? (5)

where m, is the electron mass and ¢ denotes the speed of light.
Since in principle the electron can be accelerated to a velocity
arbitrarily close to ¢ the speed of light, the relativistic energy
factor y may be assumed to have quite large values as well,
which in turn means that the corresponding Synchrotron
radiation is emitted into an even sharper cone as the electron
energy reaches higher values. For the case of ILC
(International Linear Accelerator) project, the total energy is
set as E = 150 GeV leading to y~293542.67949, hence we

can say that the opening angle is %~3.40666 * 107° radians
which in fact is extremely directional.

5. Emitted Wavelength

In general the equation for the emitted wavelength of an
Elliptical Undulator radiation is given as

_ KK
h=gs{te 53 ©)
where
eAuBxmax
K = 2mmec ™
and
— eAuBymux
Ky - 2mmec (8)

which are referred to as the x — and y —deflection parameters
respectively. K, and K, are defined based on the electron
charge e, the electron mass m, and the speed of light ¢ in
vacuum. For a general wiggler equation i denotes the
harmonic integer harmonic number, but for a helical undulator
the only existent mode is the fundamental harmonic i = 1. In
Sl units these equations can be quantified as

K, = 93.37289620051, [metre]B,  [Tesla] 9)
K, = 93.37289620054, [metre]B,  [Tesla] (10)

The ratio of the maximum deflection angle of the electron
trajectory to the opening angle of the synchrotron radiation is
the physical definition of the deflection parameter. For a
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helical undulator, K = K, = K,, and only the fundamental
mode with i = 1 is supported.

The ILC Undulator parameters are B, =0.88T and A, =
0.0115m, hence the deflection parameter yields K =
0.94493370954906, and since K < 1 we refer to the magnetic
field structure term wise as an undulator unlike the case of K >
1 where we would refer to is as a wiggler. For an undulator,
the emitted synchrotron radiation cone will cover the trajectory
of the electrons ahead leading to stimulated emission with a
mechanism known as Self Amplified Spontaneous Emission
(SASE). The central wavelength of the emitted radiationis A =
126.314423 fm, yielding a single photon energy of

E, =2 = 9.81552182337 MeV (11)

This gamma ray photon has an energy which is way larger than
the threshold necessary to cause an e'e* pair production by a
gamma ray photon in the vicinity of a heavy mass, which is
1.22 MeV, merely twice the rest mass energy of an electron-
positron pair. What is even more important is that the radiation
produced by a helical undulator will provide a circularly
polarized radiation in which case positron beam produced will
have their spin dictated to be in the forward direction, which is
an important parameter for nuclear physics experiments.
Another important parameter is the beam brightness, just as
well as the directionality of the beam, we need more photons
to hit the target and hence to cause a larger number of pairs to
be produced. The undulator parameters are tabulated in Table
1.

The number of positrons produced for every photon passing
per second is referred to as the positron yield and it is a
function of undulator parameters and the injected electron
beam energy. Higher energy of the incoming e- beam leads to
a higher positron yield however the polarization is
compromised which is even more important so one does not
prefer very high electron beam energies at the TeV range [24].

Table 1 Parameters of the FEL Operation [18,27,28]

e beam energy [GeV] 150
Relativistic Energy Factor 293542.67949
Undulator Period [m] 0.0115
Peak Magnetic Field [T] 0.88

Deflection Parameter 0.94493370954906

Ray wavelength [m] 126.31442 x 10715

Single Photon Energy [MeV] 9.81552182337

Ray opening angle [rad] 3.40666 * 107°

Positron yield per photon 1.5

6. Power, Bandwidth, Coherence,
Monochromaticity

Noting that the number of undulator periods N contributes to
increasing the total emitted intensity of the radiation as [25]
I =1,N2 (12)

where I, denotes the intensity of radiation emitted from a
single period of the undulator. A larger number of undulator
periods N also contributes to narrowing down the emitted
radiation bandwidth Av of the gamma rays of frequency v as

Av 1
VN (13)

By using the fundamental definition of the speed of light,
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frequency and the emitted wavelength ¢ = vA one can easily
derive the wavelength bandwidth AA and the frequency
bandwidth Av relation as

AX Av

P (14)
The proposed number of periods for the undulator is N = 155,
hence we can see an improvement in the intensity of the
emitted radiation from a single undulator section with an order
of four (namely > 10*) and also a narrowing down of the
bandwidth by a factor of N for an ideal undulator. The
simulations HUSR/GSR software packages indicate a peak
about 10 MeV for emitted photons and a bandwidth of about
5% for the main spectral lobe [26]. The projected positron
production rate is estimated to be about 10%* e* per second,
the best possible polarized positron source proposed so far
[24]. We can take a moment to appreciate the coherence degree
of this radiation source considering that its wavelength is
merely 126 fm, pretty much comparable to the size of larger
nuclei. The length of one period of the undulator being 1,, =
1.15 cm, with the number of periods N=155 leads to a length
of 178.25 cm and with a period of N=88 it leads to an undulator
length of 101.2 cm. The proposal is to use 84 identical
sequential modules of undulators to increase the intensity even
further. The e~ beam goes through an undulator module to
produce gamma rays, and then the electron beam goes through
operations through magnetic dipoles for correction back to the
axis and used again and again in consecutive modules to
increase the intensity of the final radiation. The total length of
the undulator modules section reaches 147 m [19]. The radius
of the helix is projected as 4.5 mm. From the vacuum
technology perspective, it is preferable to have a smaller tube
to keep in ultrahigh vacuum, hence a smaller radius just as well
as a shorter undulator period is admissible. Unfortunately, the
superconducting materials are becoming brittle under about a
period of 1cm limiting the lower limit for the length of the
undulator section. The main limiting factor on the fabrication
of the superconducting helical undulators is that current
methods become more laborious and tedious for shorter
undulator periods.

7. Conclusion

We have discussed the development of ideas and design
principles for the ILC positron source gamma ray FEL. The
injected e- beam into the helical undulator has an energy of 150
GeV and, after it is utilized, 147 GeV output e beam is
intended to be gained back with a diverter structure in the
original 2008 design [27]. The produced highly directional
gamma ray photons are meant to hit a highly resilient and
durable material target made of an Titanium alloy (TisAlsV),
which nevertheless is made to spin to avoid material damage
under intense gamma ray laser exposure [28].

The design proposals have considered that the excess photons
would be dumped, but taking into account that only 7% of the
produced gamma rays can used for pair production in the best
case scenario, and 93% goes to dump unless it is utilized by
other means [26]. It was suggested to use the excess gamma
ray photons for nuclear physics experiments at another station.

We reckon that the design principles of ILC FEL Polarized
Gamma Ray Laser Source may be useful also for an
optimization for a Vacuum Ultraviolet or a Soft X-ray FEL for
the study of materials science. Such XFEL projects are
currently underway both at the UK and at Turkey. A study for
the details of the build-up of a helical undulator for an XFEL
operation is underway in further detail.
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