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We review polarization issues for CLIC at 3 TeV centre-of-mass energy. An electron beam with
about 80% polarization can be produced by an SLC-type photoinjector. Compton scattering off a
high-power laser beam may provide a source of positrons with 60%–80% polarization. If the spin
transport is taken into account in the geometric layout of the facility and in the choice of local beam
energy, no significant depolarization is expected to occur on the way to the collision point. We
demonstrate this explicitly by spin tracking through the beam delivery system. During the beam-
beam collision itself, due to beamstrahlung and the strong fields at 3 TeV, about 7% of effective
polarization will be lost. A polarimeter for the spent beam appears indispensible.

I. INTRODUCTION

An accelerator beam consists of an ensemble of particles, that is characterized by the number of particles,
the average energy, the charge density, and the average orientation of the particles’ spins: (1) The beam energy
determines the direct physics reach of the accelerator facility. Linear colliders provide a path to e+e− collision
energies above the LEP2 energy of 209 GeV, overcoming the synchrotron radiation limit of e+e− storage
rings. (2) The number of particles and the charge density determine the rate of particle-particle collisions, the
luminosity. Single-pass collisions remove the standard beam-beam limit, as encountered in storage rings. As
a consequence the transverse beam sizes at the collision point can be reduced by three orders of magnitude,
compared with those achieved in storage rings. The higher charge density compensates for the lower bunch
intensities, fewer bunches, and the lower repetition frequencies. (3) The polarization of the particle beams can
be used to explore the spin dependence of particle interactions. Any information about the spin orientations
of the interacting particles can significantly improve the accuracy of important precision measurements. This
was demonstrated at the SLC that collided polarized electrons with unpolarized positrons. The electro-weak
mixing angle was determined at the SLC with unrivaled precision [1].

Linear colliders preserve polarization to a very high degree. If a polarized beam is injected, it can be brought
into collision with only a small loss of polarization. This is in sharp contrast to storage rings, where the
polarization drops sharply with beam energy. For example, 57% polarization was measured in LEP with a
beam energy of 45 GeV [2]. Beyond this energy, polarization was strongly suppressed, with no measurable
polarization at LEP above 60 GeV [2]. There is little hope to extend radiative spin polarization in storage rings
to beam energies higher than 80–100 GeV. Linear colliders therefore provide the only path towards polarized
e+e− collisions at energies above LEP2. All present linear-collider designs consider polarized e− beams and
some of them polarized e+ beams as well. In this report we discuss polarization issues for CLIC at 3 TeV
centre-of-mass energy, and compare them with those for lower energy colliders.

Specifically, we address the following issues: (1) polarized e− source, (2) polarized e+ source, (3) spin transport
from the source to the collision point and, in particular, the depolarization in the final focus, (4) depolarization
during the collision, and (5) polarimetry.

II. POLARIZED ELECTRON SOURCE

Two schemes for a polarized electron source have been proposed:

• a DC gun with laser photocathode (SLC type: p-type doped strained GaAs semiconductor photocathode),
and

• an rf gun with laser photocathode.
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The technical feasibility of the first scheme has been demonstrated, e.g. at the SLC. The second scheme is still
a research topic [3, 4], and requires major technical breakthroughs, in particular the realization of ultrahigh
vacuum in an operating rf gun. In the following, we only discuss the first option, which is well established and
can meet the CLIC requirements.

The polarized electron sources used at the SLC [3] as well as those studied at Nagoya University [5, 6] are
based on a p-type doped strained GaAs photocathode housed in a DC high-voltage gun. The strain splits
the energy levels between light and heavy holes allowing for selective excitation and for a polarization in
excess of 50%. Treating the surface of the photocathode with Cs and F lowers its work function, so that the
vacuum potential drops below the conduction band, and, thereby, increases both the quantum efficiency and
the attainable polarization.

The photocathode is characterized by two parameters: the polarization and the quantum efficiency. Both
depend on the wavelength of the incident laser. Reducing the wavelength increases the quantum efficiency
(typical values: 0.1–1.0%), but lowers the polarization (the maximum value at the SLC was around 80%).

Key issues for the gun are the voltage and the vacuum. A high voltage counteracts the space-charge limit on
the electron emission.

The technical design of the gun is closely related to its reliability. At the SLC a loadlock [7] was used to
introduce new cathodes or to insert activated photocathodes into the gun. The gun was equipped with Cs
channel dispensors [3].

The performance of the polarized electron source can be limited by a number of effects [3]: The space charge
field of the electrons limits the charge density that can be extracted. It can be estimated from Gauss’ law and
is not a limitation for CLIC. A more severe constraint arises from the current limit due to electrons trapped at
the surface [8]. The removal rate of these electrons depends on the doping intensity. Higher doping can support
a higher current, but degrades the polarization. Both polarization and current specifications can be met in
the so-called ‘graded doping’ scheme [8], where only a thin (10 nm) surface layer of the cathode is doped to a
high concentration, e.g., 2 × 1019 cm−3, and the rest of the cathode remains at low doping (1018 cm−3). The
multibunch operation poses new challenges. The relaxation or recovery time of the photocathode after laser
illumination depends on the doping. For 2×1019 cm−3 it is about 10 ns [8], or equal to 10% of the CLIC bunch
train.

Table I compares various source parameters achieved at the SLC with those required for NLC-II [9] and CLIC.
The table demonstrates that the CLIC source is only moderately more demanding than the SLC source, and
that it is in every aspect (bunch charge, total charge, pulse current, pulse length) relaxed compared with the
NLC-II requirements. Thus, we assume that CLIC can achieve the same polarization level of 80% as has been
projected for the NLC.

TABLE I: Comparison of electron source parameters achieved at the SLC with those required for NLC-II [9] and CLIC.

parameter SLC NLC-II CLIC

bunch ch. (1010 e−) 7 2.8 0.4

total ch. (1010 e−) 14 252 62

av. pulse current (A) 0.4 3.2 1.0

pulse length (ns) 62 126 103

beam polarization ∼ 80% ∼ 80% ∼ 80%

Even in the event that the required current cannot be generated from the NLC-type photocathode, a number
of back-up solutions exist, such as (1) As capping, which preserves the atomic cleanliness of the cathode surface,
(2) increasing the cathode surface, (3) the use of multiple guns, or possibly (4) an alternative photocathode
based on two-photon excitation [5].

III. POLARIZED POSITRON SOURCE

For the polarized positron source, four schemes have been discussed:

(1) emission of circularly polarized photons by a high-energy electron beam traversing a helical undulator and
subsequent e+e− pair creation on a thin target [10–12],

(2) the e+e− pair creation from backward Compton scattered laser photons [13, 14],

(3) the collection of high-energetic e+ from a thin target hit by polarized e− beam [15],



(4) laser-Compton scattering in a storage ring, exploiting either spin flip [16, 17], or spin-orbit coupling [18].

The helical undulator scheme was first proposed for VLEPP [10], where a polarization level of 85% was
predicted. It was adopted for TESLA with a projected polarization level varying between 40% and 60%. A
schematic of the TESLA scheme is shown in Fig. 1.
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FIG. 1: TESLA-style polarized e+ source consisting of a helical undulator, a thin low-Z target, and a capture section
with adiabatic matching. Off-axis photons are scraped prior to the target.

The photon wavelength is λγ = (3/4)(λ0/γ
2); the number of quanta is Nq ≈ (π/8) (reL/(λ0λ̄e)), independent

of the beam energy, where λ0 denotes the period of the undulator. Assuming λ0 = 1 cm and an undulator
length L = 300 m, for a beam energy of Eb = 100 GeV the photon energy is Eγ = 6.3 MeV; for Eb = 1.5 TeV, it
increases to Eγ = 1.4 GeV. In either case, the number of quanta emitted per electron is Nq ≈ 170. If the main
electron beam is sent through the undulator prior to the beam-beam collision, energy spread and emittance
growth generated in the undulator are a concern.

The use of the undulator scheme at CLIC was studied by T. Kamitani [12]. Considering a total length L = 150
m, a field Bu = 1.76 T, period λu = 3.37 cm, undulator parameter K = 5.5, and E1 = 20.0 MeV, he found that
the energy lost by a 1.5-TeV beam is 38.2 GeV, and the additional rms energy spread σE/E ≈ 1.25 × 10−3,
which is more than two times smaller than the initial energy spread.

Although the TESLA scheme could thus be used at CLIC, we presently favor the JLC scheme which is based
on laser Compton scattering. A historical schematic for JLC is displayed in Fig. 2. Recently, profiting from
rapid advances in laser technology, the number of lasers required was reduced by a factor of 10 to about 5 [19].
The laser scheme has several advantages compared with the undulator approach: (1) it decouples the electron
and positron beams, (2) it does not require a minimum energy of the electron beam, (3) it does not degrade the
beam quality prior to collision, (4) the power requirements are comparable, and (5) experimental tests of this
scheme are presently ongoing at the KEK/ATF and experience so far has validated the simulation programs
[14].

It may be worth mentioning that in principle the laser parameters can further be relaxed by employing exotic
or advanced schemes, e.g., by utilizing plasma chanelling to guide and confine the laser light [20]. If the length
of the plasma channel is 100 times the Rayleigh length, the laser pulse length could be increased by a factor
100, and the required laser peak power decreased accordingly.

However, the CLIC beam parameters (total charge, current, pulse length) are already more relaxed than
those for NLC or JLC, and, thus, the conventional JLC laser-Compton source, presently under experimental
demonstration, should suffice. The projected positron polarization level is 60% [20].

Recently another approach was studied at SLAC [15]. A polarized electron beam hitting a thin target produces
polarized positrons. The rather low yield (< 0.1%) [15] together with the required number of polarized electrons
renders this approach unpromising, however.

Finally, one can directly collide a polarized laser beam and an initially unpolarized positron beam on successive
turns in a storage ring. The positron beam will then become polarized either because of (1) direct spin flip [16]
or (2) energy loss combined with spin-orbit coupling [18]. Both schemes demand the installation of one or more
solenoids with an integrated strength of a few Tesla-meter.

The effect of the direct spin flip appears somewhat controversial (compare Refs. [16] and [18]). Based on the
laser-electron cross sections of Ref. [21], the energy γ and the polarization ξ of a positron in the beam after N
collisions with circularly polarized photons are given by [16, 17]:

γ(N) =
γ0

1 + 2µ
(1)
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FIG. 2: JLC-style polarized e+ source, consisting of 50 CO2 lasers, each producing 95-bunch pulse, scattering off a 6-GeV
unpolarized electron beam with 5× 1010 e−/bunch. This results in Nq ≈ 6.6 γ rays per electron, that are converted into
pairs on a W target. Total electric power required is about 15 MW.
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FIG. 3: Variant of JLC-style polarized positron source: plasma channeling overcomes the Rayleigh-length limit on the
laser pulse duration [20].

and

ξ(N) =
µ

1 + µ
(2)

where µ = γ0ω0N = (4/3)A/(m0c
2)γ0 (re/σph)2 and σ2

ph = λ0le/(8π). Here, γ0 and ω0 are the initial positron
and photon energies, A the laser flash energy, re the classical electron radius, and λ0 and le the laser wavelength
and full positron bunch length, respectively.

The spin-orbit coupling on the other hand is characterized by the energy dependence of the n axis: d~n/dγ.
A maximum polarization of about 60% may be reached in this scheme, with a polarization time of [18]

1
τpol

=
10
7
d

dt

(
σ2

E

E2

)
=
Eγ∆E
E2Trev

(3)

where E is the beam energy, and ∆E the energy loss per turn. The polarization time can be comparable to the
longitudinal damping time, if the laser is used to provide most of the radiation damping.

IV. SPIN TRANSPORT

Once a polarized beam has been produced, it must be transported to the main linac, accelerated, and collided
with minimum loss of polarization. Figure 4 shows a schematic of spin manipulations around the damping ring



of the NLC, as designed by Emma [9], Minty [22] and Raubenheimer [9]. At injection into the damping ring,
the polarization must be in the vertical direction to coincide with the stable spin (~n) axis of the ring. This is
achieved by a combination of dipole magnets with a specific bending angle, which rotates the spin from the
longitudinal (‘z’) into the radial (‘x’) direction, followed by a solenoid, which further rotates the horizontal spin
into the vertical plane (‘y’). Likewise, 2 sets of solenoid pairs and one bending section are foreseen downstream
of the damping ring, in order to rotate the spin back into the longitudinal direction and to allow for complete
control of the average spin orientation at the collision point. Polarization preservation constrains the operating
energy of the damping ring. It must be near an odd integer multiple of 220 MeV to avoid depolarizing spin
resonances. For completeness, we illustrate the standard accelerator coordinate system in Fig. 5.
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FIG. 4: Schematic of spin manipulations around the damping ring à la NLC (P. Emma, M. Minty, T. Raubenheimer et
al., 1996).
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FIG. 5: Schematic of the design trajectory in a bending magnet and the coordinate system.

To better understand the spin manipulations and the effect of the bending and solenoid fields, we explicitly
give the spin rotations induced by various fields, which follow from the more general Thomas-BMT equation
[23]. A horizontal bending magnet (vertical dipole field) rotates the spin in the x− z plane by an angle

ψs = aγθB (4)

where θB is the bending angle and a = (g−2)/2 ≈ 1.16×10−3 the anomalous magnetic moment of the electron.
For constant bending angle, the spin rotation increases linearly with energy. A longitudinal solenoid field rotates
the spin in the x− y plane, by an angle

ψs =
[
1−

(
g − 2

2

)]
BzLs

Bρ
≈ BzLs

Bρ
≈ 2ψb, (5)

where ψb is the transverse roll angle
The polarization decreases also due to the intrinsic beam energy spread σδ if there is a net bending angle.

This depolarization is expressed by

P/P0 = exp(− (ψsσδ)
2 /2) (6)

with σδ the rms energy spread. If the angle ψs 6= 0, then unavoidably also ∆P 6= 0. Two numerical examples
may illustrate the magnitude of the depolarization. Considering a beam energy of 9 GeV, near the second



bunch compressor of CLIC, a bending angle of π, and an rms energy spread of σδ = 0.2%, the depolarization is
∆P ≈ 1%. In the final focus at 1.5 TeV beam energy, considering the nominal rms energy spread σδ = 0.28%
and a bending angle θB of 10 mrad (half the crossing angle), we find ∆P ≈ 0.5%.

The spin transport in the CLIC beam delivery can be estimated with greater precision using numerical
tracking. For a particle distribution (i = 1, N) we define a classical spin vector ~Si for each particle. The
particles are tracked through the beam delivery at the nominal beam energy of 1500 GeV, corresponding to
aγ = 3404. Transverse fields that deflect the particle by an angle θ then cause a spin rotation which is
aγ = 3404 times larger. For simplicity we approximate (aγ + 1), as it should be used for quadrupoles, with
aγ. This approximation introduces only very small errors, as long as θ � 1. Taking into account all transverse
fields (bending magnets and quadrupoles) in the beam delivery, the rotation of the individual spin vectors can
be calculated using the Thomas-BMT equation [23]. The polarization vector is then obtained as the average of
all individual spin vectors:

~P =



Px

Py

Pz


 =

1
N

N∑
i=1

~Si. (7)

The degree P of polarization is defined as the length of the polarization vector:

P = |~P |. (8)

For the spin tracking studies, we consider two different design schemes for the CLIC beam delivery system:

1. The baseline solution: The baseline optics [24] considered here comprises a semi-conventional final focus
[25], and is 3.1 km long. We assume that the collimation system can at least partly be integrated into
this system.

2. The advanced or compact solution: This scheme comprises a compact final focus with nonzero dispersion
across the final doublet [26, 27], whose length is only 400 m. Upstream of the compact final focus we have
added a comprehensive 5.5-km long cleaning and protection system, scaled from the 1-TeV NLC design
[28], in which both energy and betatron collimation are performed.

We track 10000 particles using the MAD program [29], in order to obtain the phase-space coordinates behind
each beam-line element. In a second step, we compute the evolution of the single-particle spin vectors and their
average from the individual phase-space trajectories.

The initial particle coordinates chosen are representative of the CLIC beam. In the transverse phase space
the particle distributions are taken to be Gaussians with rms beam sizes corresponding to the CLIC design
emittances of γεx = 0.68 µm and γεy = 0.02 µm. In the longitudinal phase space, we have assumed a Gaussian
spatial profile as well (irrelevant for this study) and a flat energy spread extending from −0.4% to +0.4%, which
is a fair approximation to the shape predicted by linac simulations [30].

The rotation of the polarization vector in the x-z plane is shown in Figure 6 for both beamlines. All particles
start with longitudinal spin vectors Si = (0, 0, 1), therefore Pz = 1. For physics purposes the polarization vector
should point into the longitudinal z-direction. Due to the design vertical dipole fields it is, however, strongly
rotated into the horizontal direction, leaving for both CLIC beam delivery designs a very much reduced level
of longitudinal polarization (Pz < 50%). It is evident that the polarization vector must be ”matched” into the
beam delivery system, requiring specific non-zero values for the horizontal and longitudinal polarizations.

The beam can be depolarized if the individual particle spins are rotated differently. This happens due to
the final beam size in the quadrupoles (particles at small amplitudes are almost unperturbed, while particles
at large amplitudes in the tails of the beam can experience strong spin rotations) or due to beam energy
spread in the bending magnets. Here, we calculated the depolarization due to those two effects and for both
the short and baseline beam delivery solutions. The results are shown in Figures 7 and 8. As expected, the
depolarization is strongest at the final doublets, where the spot size and the quadrupole strengths are largest.
The final depolarization in the two beamlines is 0.02–0.03%. We conclude that the expected depolarization from
transverse fields in the beam delivery systems of CLIC is small and can be neglected for practical purposes.

V. DEPOLARIZATION DURING COLLISION

The effective polarization decreases during the beam-beam collision. In a storage-ring collider the strength
of the collisions is measured in terms of the beam-beam tune-shift parameter ξ. For a linear collider, it is
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FIG. 7: Depolarization versus longitudinal position s due to the transverse magnetic fields in the baseline solution of the
CLIC final focus.

characterized by the disruption parameters Dx,y. The two parameters are related via

ξx,y =
β∗

x,y

σz
Dx,y =

2Nreβ∗
x,y

γσx,y(σx + σy)
. (9)

At the interaction point of a linear collider, particles emit synchrotron radiation in the field of the opposing
beam, known as ‘beamstrahlung’. Its magnitude is measured by the parameter Υ, referring to the critical photon
energy h̄ωc, and by Nγ , denoting the number of photons emitted per beam particle. These two quantities are
expressed as

Υ =
2
3
h̄ωc

E
≈ 5

6
γr2eNb

ασz(σx + σz)
(10)
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FIG. 8: Depolarization versus longitudinal position s due to the transverse magnetic fields in the compact CLIC final
focus with collimation section.

TABLE II: Comparison of the collision strength for SLC, NLC and CLIC.

parameter symbol SLC NLC CLIC

b.b.-parameter ξx,y 1 8 30

Upsilon Υ 2 × 10−3 0.3 8.1

photons per e− (e+) Nγ 1 1.4 2.3

and

Nγ ≈ 5
2
ασz

γλ̄e
Υ

[
1

(1 + Υ2/3)1/2

]
≈ 2

αreNb

σx + σy
(11)

where Nb is the bunch population, α the fine structure constant, and σx,y the rms transverse beam size.
Table II compares the parameter values of ξ, Υ and Nγ for CLIC with those achieved at the SLC and

envisioned for NLC. Clearly, the collisions are strongest for CLIC, both in terms of field strength and in terms
of synchrotron radiation. Therefore, the depolarization at CLIC will be larger than in the other two systems.

Two processes contribute to the beam-beam depolarization:

• The first process is spin-flip radiation. Its magnitude can be estimated by [31]

∆P = 2NγUf0 (12)

where the function Uf0 = Uf0(Υ) is depicted in Ref. [31]. For Υ ≈ 8 and Nγ ≈ 2.3, one finds the value
Uf0 ≈ 0.02 [31], from which we deduce that the total depolarization after the collision is about ∆P ≈ 10%.
The more relevant luminosity-weighted effective depolarization [32] is [∆P ] ≈ 0.27 ·∆P ≈ 2.7%.

• The second process is spin precession in the beam magnetic field. The depolarization formula is [31]

∆P ≈ 0.006(Nγ/U0)2 (13)

Insering Nγ ≈ 2.3 and U0 ≈ 0.5 one finds ∆P ≈ 13% and, for the luminosity-weigthed effective depolar-
ization [∆P ] ≈ 0.273 ·∆P ≈ 3.5%

Adding the two contributions, we estimate almost 6.2% loss in effective polarisation from the collision.
Note that the depolarization for both processes mainly depends on Nγ , which, for small Υ, can be expanded

as

Nγ ≈ 5
2
ασz

γλ̄e
Υ

[
1

(1 + Υ2/3)1/2

]
≈ 2

αreNb

σx + σy
(14)

Hence, it scales essentially with Nb/σx.



VI. POLARIZATION MEASUREMENT

In order to realize the advantage offered by polarization and since there is a significant depolarization in the
collision, it appears important to measure the polarization before and after the collision. The usual polarimeter,
pioneered at the SLC [33] and at several storage rings, utilizes laser-Compton back-scattering. The measured
asymmetry is

A(E) =
R(→→)−R(→←)
R(→→) +R(→←)

= PePγAc(E) (15)

where AC(E) denotes the known function of the Compton cross-section asymmetry and E the measured energy
of the scattered electrons. The parameter Pγ is the polarization of the laser, which can accurately be measured,
and Pe the polarization of the electron (or positron) beam, which is to be determined. At the SLC, the systematic
and statistical uncertainties in the polarization measurement were of the order of 1% or less. A precision of
about 0.5% is foreseen for most future colliders, e.g., in Ref. [34].

One potential problem for CLIC at 3 TeV is the large energy spread of the disrupted beam after the collision
[35]. Care must be taken in the geometrical arrangement and location of the polarimeter, in order to avoid
overlap of the low-energy electrons produced in the collision with those created by Compton scattering.

Figure 9 shows a schematic of the spent-beam line and post-IP polarimeter proposed for the NLC [9]. A similar
layout may be adopted for CLIC. A chicane separates the disrupted particle beam from the beamstrahlung
photons and oppositely charged pair particles, for diagnostics purposes. Here, is the natural location of the
second polarimeter which measures the effective polarization of the disrupted e± beam. To avoid background
from the reaction e− γ → e− e+ e− the laser energy must be low, namely Eγ < 522 eV/Ee[GeV], where Ee is
the initial electron energy. Hence, for CLIC at 3 TeV the photon energy should ideally be less or equal 0.3 eV.
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FIG. 9: Schematic of NLC-type spent-beam diagnostics and post-IP laser polarimeter (J. Spencer, 1996).

VII. CONCLUSIONS

A polarized photoinjector can provide an electron beam with a polarization of P ≈ 80%. The CLIC re-
quirements on both charge and pulse current are relaxed compared with those proposed and thought feasible
for NLC-II in 1996. Concerning the generation of a polarized positron beam we presently favor the Japanese
scheme which is based on laser-Compton back scattering off an unpolarized electron beam. The basic parts of
this concept are presently being tested experimentally at KEK. The scheme profits from the rapid developments
in laser technology and promises to deliver a polarized positron beam with a polarization of P ≈ 60 − 80%.
If the experimental tests of the Japanese scheme show unexpected problems, we can alternatively consider the
helical undulator scheme that has been proposed for VLEPP and TESLA.

The spin transport for CLIC was estimated with analytical formulae and numerical spin tracking through the
beam delivery system. It was found to be uncritical, with expected depolarization safely below 1%. However,
for CLIC at 3 TeV, the depolarization during the collision will be noticeable. The total depolarization is about
25%, the effective luminosity-weighted loss is a more acceptable value of [∆P ] ≈ 7%. Higher polarization may
be attainable at the expense of reduced luminosity.
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