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Abstract.  Positron beams have many applications and there are many different concepts for positron sources.  In this paper, only positron source techniques for linear colliders are covered.   In order to achieve high luminosity, a linear collider positron source should have a high beam current, high beam energy, small emittance and, for some applications, a high degree of beam polarization.   There are several different schemes presently being developed around the globe. Both the differences between these schemes and their common technical challenges are discussed.
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Introduction

A positron source would need to produce a high beam current with small emittance in order to result in a high luminosity in e+/e- linear colliders.  High beam energies can be achieved by accelerating the beam using standard RF linear accelerators up to a TeV without too much technical difficulty.   Small emittances can be achieved using damping rings and are not major technical obstacles either. High beam current and polarization requirements are the main technical challenges.   

There are many different positron production schemes.  For linear collider applications positrons are created via the pair production process in a conversion target using 10-30 MeV gamma rays.  The major difference between the different techniques involves how these gamma rays are produced.   Based on the mechanism of gamma production, there exist three major classes of positron sources: conventional, undulator based, and laser Compton based sources.   

Conventional positron source

The conventional positron source is based on bremsstrahlung, the electromagnetic radiation produced by the decceleration of a charged particle, such as an electron, when deflected by another charged particle, such as an atomic nucleus. Typically this process begins by dumping a high energy electron beam into a high-Z target.  If the energy of the bombarding electrons is high enough, the bremsstrahlung is in the gamma ray region of the electromagnetic spectrum.   These gamma rays then interact with nuclei in the same amorphous target and generate positrons via pair production.   The thickness of a conventional positron source target is usually serveral radiation lengths depending on the primary electron beam energy.  Conventional positron sources are usually unpolarized,  but polarized  positrons can be produced using a polarized primary electron beam. In this case pair production and bremsstrahlung are cross-symmetric processes (i.e. the Feynman diagram for electron bremsstrahlung can be obtained from the gamma conversion diagram by flipping the incoming photon and outgoing positron lines) and their cross sections are closely related [1].   

Similar to the conventional positron source is another scheme which is based on the channeling effect [2].  The primary electrons experience the collective, screened nuclear fields as if smeared along a string or plane [3, 4] when they are incident on a single crystal at small angles with respect to the crystallographic directions.  For angles of incidence smaller than the so-called critical angle c [4],  the particle has a low transverse momentum with respect to the axis or plane of the crystal.  Thus it can be restricted to areas away from the nuclei (positively charged particles) or close to the nuclei (negatively charged particles).  In this case the electron is channeled or is guided by the lattice.   As a result of such channeled motion of electrons, channeled electrons emit Kumakhov radiation [5], analogous to the radiation of a magnetic undulator, but with much larger intensity and shorter wavelengths, due to the strength of the Linhard field (~ 102- 103 V/Å,  ~ 3.103 - 3.104 Tesla) and to the short period (~ 1 µm) of the oscillations.    A positron source based on channeling radiation has been proposed by R. Chehab et al. for the Compact Linear Collider (CLIC) and the International Linear Collider (ILC) [6].

Undulator based positron sources

The undulator based positron source was first proposed by V. E. Balakin and A. A. Mikhailichenko [7].  Klaus Flottmann then did a complete study of this idea [1].  Unlike a conventional positron source, gamma rays in undulator based positron sources are generated as a result of the helical motion of electrons in a periodic magnetic field.   In order to have a sufficiently high beam current, the primary electron beam energy needs to be greater than 125GeV.  The spectrum of undulator radiation is also a function of the deflection parameter K and undulator period u.  The yield of an undulator based positron source varies strongly with the choice of undulator parameter and the electron beam energy [8].   General speaking, lower K will be helpful for the polarization of positron source.  But for a given period length u, lower K also means a lower positron yield.   For a given drive beam energy, a shorter period length u leads to higher positron yields.  But limited by the current technologies, the shortest period achievable is about 1cm with a K maximized around 0.7.   After comparison of several sets of undulator parameters, the ILC RDR baseline positron source undulator was chosen to have K=0.92 and u=1.15cm [9].  

Laser Compton Based Positron Source

For a laser Compton based positron source, the gamma ray is generated through the scattering of a laser photon from a relativistic electron beam.   Electron–photon interactions are mainly governed by two parameters: (i) the density of photons (field strength in classical electrodynamics), and (ii) the energy of each laser photon (frequency in classical electrodynamics).  Analogous to helical undulators, a laser Compton gamma source can be considered as a very short helical undulator with low K and a very short period of several microns.  The advantages of the laser Compton scheme are obvious: (1) high level of positron polarization, (2) independent of the main electron beam, (3) low energy operation.   The disadvantage of a laser Compton based positron source is the lower positron beam intensity. This could be overcome with the additional complication of positron stacking.   

Several concepts for an ILC positron source based on Compton scattering have been proposed. They can be categorized into three classes according to the electron source used for the Compton back-scattering. The Linac scheme [10, 11] uses a linac, the Storage Ring scheme [12, 13] employs a storage ring, in which the electron beam circulates many turns and intercepts the laser on each turn. In the ERL (energy recovery linac) scheme [14], electrons are provided by the ERL, a kind of linac topologically equivalent to the storage ring from the energy flow point of view, and the kinetic energy of the spent beam is recovered by its passage through superconducting cavities. As in the linac scheme, the beam property in the ERL is determined by the electron source and the beam transport.   A more detailed comparison of these concepts is available in reference [15]

Technical Challenges and Possible Solutions

Rotating target wheel

Shown in Table 1 are the beam parameters of both electrons and positrons at the main linac for different machines.   The ILC has the highest charge per bunch and bunches per pulse. This pulse structure introduces the highest dosage of energy deposition in the conversion target compared to the other machines in Table 1.

	TABLE1.  Beam parameters of both electrons and positrons at main linac for different machines

	
	
	NLC

(1TeV)
	CLIC 2008

(0.5 TeV)
	CLIC 2008

(3 TeV)
	ILC

(0.5 TeV)

	E
	GeV
	8
	9
	9
	15

	N
	109
	7.5
	7
	3.72-4
	20

	nb
	
	190
	312
	312
	2625

	tb
	ns
	1.4
	0.5
	0.5(6 RF period)
	369

	tpulse
	ns
	266
	156
	156
	968925

	x,y
	nm, nm
	3300,30
	2400,10
	600,10
	8400,24

	z
	m
	90-140
	72
	43-45
	300

	E
	%
	0.68(3.2%FW)
	2
	1.5-2
	1.5

	frep
	Hz
	120
	50
	50
	5

	P
	kW
	219
	180
	90
	630


Using the beam parameters in Table 1, after sweeping through the parameter space for a conventional positron source, the simple conventional scheme using a W23Re (77% W 23 % Re) target with an AMD (adiabatic matching device) seems not to be viable for ILC due to the excessive energy deposition in the conversion target.  

For an undulator based positron source, using an AMD, the energy deposition for the ILC is about 1482J per pulse.  The peak power deposition is about 1.696MW per pulse and the averaged is 7.4KW.  In order for the target to survive, rotating the 2m diameter target wheel at about 1000rpm was estimated to be adequate for safe operation of the target.  

Simulations show that rotating the target inside a several Tesla magnetic field is quite challenging.  As shown in figure 2, rotating the ILC target wheel at ~1000rpm will require an additional 650KW of cooling because of eddy current losses.  In order to understand the problem, a prototype target experiment is in progress at the Cockroft institute [16].
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FIGURE 1.  Power required for the rotating ILC target in a strong magnetic field

In order to avoid the problem of a rotating target in a high magnetic field, one has to minimize the magnetic field at the target wheel. Several ways to accomplish this have been suggested: one can use a flux concentrator [17], lithium lens [18] or quarter wave transformer.   As there is no technical uncertainty for quarter wave transformer, this option is listed in the ILC RDR as a backup at the cost of a longer undulator length.  

For a laser Compton based positron source, since the intensity of each bunch is low, the target doesn’t need to be rotating at high speed and thus rotating the target wheel under a strong magnetic field is not likely to be problematic.

Liquid metal target

A liquid metal target for the ILC positron source was proposed by A. Mikhailichenko for an undulator based source [19, 20] and adapted by M. Kuriki for the ILC conventional positron source [21].    As presented in [20], the liquid metal target looks promising for the ILC undulator based positron source.   For the ILC conventional positron source, since the energy deposition is much higher in a conventional positron source than in an undulator based source, it is still quite technically challenging even with liquid metal target.  As shown in Figure 2, simulations show that for a conventional positron source using a liquid lead target, the [image: image3.jpg]Temperature (K)
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pumping speed needs to be 30m/s in order to prevent the liquid from boiling.  

300Hz Advanced conventional ILC positron source
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In order to solve the problem of excessive power deposition in the target of the ILC conventional positron source, a 300Hz conventional source was proposed by T. Omori.  This 300Hz conventional ILC positron source has a different time structure than the original ILC design, consisting of 5 identical groups of 10 triplets every second.  The length of each group of triplets is about 30ms.  Each triplet is about 952ns long with 3 mini bunch trains of 44 bunches.   Comparing with the original time structure of ILC positron source, this scheme spreads 1320 bunches over 30ms and thus lowers the requirement for pumping speed of the liquid lead target.  As shown in Figure 3, even at a pumping speed of 1m/s, the temperature is still well below the boiling point of liquid lead.

Channeling based positron source

[image: image2.png]mmmmmmmm




FIGURE 4.  Schematic of a positron source based on the channeling effect.

As sketched in Figure 4, a multi GeV electron beam striking a crystal will generate high intensity gamma rays and some positrons.  Using a bending magnet to bend electrons and positrons away, only the gamma rays are used to strike an amorphous target to generate positrons via the pair production process.  This scheme could lower the energy deposition in the target to the same level as an undulator based positron source and thus avoid the complications of targeting for conventional positron sources.

Summary

Positron source concepts for linear colliders are reviewed.  The differences between these schemes are presented and their common technical challenges are discussed.  

For a conventional ILC positron source, the energy deposition in the target is so high that a solid metal target will not survive.  A 300 Hz advanced conventional positron source employing a liquid lead target could possibly solve this problem.  Another solution would be the use of a channeling based source which should have an energy deposition level comparable to an undulator based positron source.  

Undulator based positron sources have difficulties related to the use of a rotating target inside a strong magnetic field.  This could be overcome at the cost of a longer undulator length by using a quarter wave transformer instead of an AMD.  Other options include using a lithium lens and a flux concentrator.  A flux concentrator can reduce the magnetic field at the target at the cost of a slightly lower capture efficiency.  Research on prototyping a flux concentrator suitable for ILC is ongoing at LLNL.  Lithium lenses have good capture efficiencies and develop, in theory, a low magnetic field on the target.  Studies on its viability are needed and are in progress at Cornell.

For a laser Compton based positron source, its per bunch intensity is low and thus it won’t have the problems of the other two schemes.  It requires, however, an additional storage ring for positron stacking.
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FIGURE 2.  Temperature evolution of liquid lead target for ILC conventional positron source
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FIGURE 3.  Temperature distribution in liquid lead target after 10 triplets
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