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Having both the positron and electron beams polarized in a future linear e+e−collider is a decisive
improvement for many physics studies at such a machine. The motivation for polarized positrons, and
a demonstration experiment for the undulator-based production of polarized positrons are reviewed.
This experiment (‘E-166’) uses the 50 GeV Final Focus Test electron beam at SLAC with a 1 m-long
helical undulator to make ≈ 10MeV polarized photons. These photons are then converted in a thin
(≈ 0.5 radiation length) target into positrons (and electrons) with about 50% polarization.

1 Introduction

Polarized positrons in e+e−collisions in ad-
dition to polarized electrons are a power-
ful tools for many physics studies, providing,
e.g., increased effective polarization, signal
enhancement and background suppression in
a variety of physics processes, including su-
persymmetry and other new physics studies.
Schemes to provide polarized positrons have
been proposed a long time ago1. However it
was often thought that production of polar-
ized positrons was technically difficult, and
initial proposals for future linear colliders as-
sumed a conventional (or undulator-based)
unpolarized positron source. In the last few
years though, more attention was given to the
physics case2 for and technical feasibility of
polarized positrons for e+e−colliders.

Polarized positrons can be produced
by pair-production from circularly-polarized
high-energy photons impinging on a target.
In a case studied by a group in Japan,
the circularly-polarized photons are made
by Compton backscattering of a laser beam
off a high-energy electron beam;3 for future
linear accelerator applications, though, the
technical requirements on the pulsed laser
system are extremely demanding. Another
possibility is to use a helical undulator to
make circularly-polarized high-energy pho-

tons. The latter method is particularly at-
tractive for the proposed TESLA collider,
which already uses a positron source based on
pair-production from a (planar) undulator in
its design.4 Below I review the physics moti-
vation for polarized positrons in high-energy
e+e−collisions and then present a demonstra-
tion of undulator-based production of polar-
ized positrons for future linear colliders in an
experiment, E-166, which is now under way
at the Stanford Linear Accelerator Center’s
Final Focus Test Beam (FFTB).

2 Physics Motivation

Having both beams polarized in a high-
energy e+e−collider offers a number of advan-
tages over the case of unpolarized positrons,
among them a higher effective polarization,
an increased signal to background ratio in
studies of Standard Model processes or an
enhancement of the effective luminosity; a
more precise analysis of many kinds of non-
standard couplings; improved accuracy of the
polarization measurement, and the option
to use transversely polarized beams, which
again allow and improve certain measure-
ments.

Details and examples of these effects are
summarized in [2] and only some key points
are highlighted here



2.1 Effective Polarization

In the study of the left-right asymmetry of s-
channel vector particle exchange the effective
polarization is defined as

Peff =
Pe− − Pe+

1− Pe−Pe+
. (1)

The error of the measurement of the left-
right asymmetry scales roughly with 1−Peff ,
favoring a high effective polarization. The fi-
nal error on the asymmetries measured will
in many cases be limited by the error on the
polarization. Having both beams polarized
significantly decreases the error on the effec-
tive polarization, as shown in Fig. 1.
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Figure 1. Solid curve/left scale (range: 0.5-1.0):
the effective polarization (1) at a linear collider
as a function of positron polarization (horizontal
axis), assuming an electron polarization of 90%.
Dashed curve/right scale (0.00-0.01): the relative er-
ror in the effective polarization δPeff /Peff , assum-
ing δPe−/Pe− = 1%.11

2.2 Standard Model Physics

Standard Model physics based on WW or
ZZ production depends on the effective po-
larization of the two lepton beams. This
can be used to either enhance or suppress
the standard model processes. As the dom-
inant background processes for many new
physics searches are WW and ZZ produc-
tion, suppressing their contributions can en-
hance the search potential for new physics.
For example, a positron polarization of about

Pe+ = −60% would double the suppression of
the WW background compared to Pe+ = 0%
(assuming Pe− = 80% in both cases).

2.3 Enhancement of Effective
Luminosity

In Standard Model s-channel processes, due
to its (V−A) couplings, only the (LR) and
(RL) configurations of the initial e± con-
tribute. The fraction of colliding particles is
therefore

1
2
(1− Pe−Pe+) ≡ Leff

L , (2)

which defines an effective luminosity Leff . If
both beams are polarized,with e.g. Pe+ =
60%, Pe− = −80%, this Leff is 0.74 compared
to 0.5 for Pe+ = 0% and any Pe− .2

2.4 Physics beyond the Standard Model

Supersymmetry (SUSY) is a leading candi-
date for new physics. However, even the
simplest version, the Minimal Supersymmet-
ric Standard Model (MSSM), leads to 105
new free parameters. If SUSY exists, one of
the most important studies to be performed
will be the determination of the SUSY pa-
rameters in an as model-independent way as
possible and to prove the underlying SUSY
assumptions, e.g., that the SUSY particles
carry the same quantum numbers (with the
exception of spin) as their Standard Model
counterparts.

For example, SUSY transformations
associate chiral (anti)fermions to scalars
e−L,R ↔ ẽ−L,R but e+

L,R ↔ ẽ+
R,L. Both beams

have to be polarized in order to prove these
associations. 5 The process e+e− → ẽ+ẽ−

occurs via γ and Z exchange in the s-channel
and via neutralino χ̃0

i exchange in the t-
channel. The association can be directly
tested only in the t-channel and the use of
polarized beams serves to separate out this
channel. Fig. 2 shows an example of this; here
the selectron masses are assumed to be close
together, mẽL = 200 GeV, mẽR = 190 GeV,



so that ẽL, ẽR decay via the same decay chan-
nels (other SUSY parameters are taken from
the reference scenario SPS1a6). The ẽ−L ẽ+

R

pair can be enhanced by the LL configura-
tion of the initial beams. From Fig. 2, it is
seen that just having the electron beam po-
larized will not help. With Pe− = −80%,
Pe+ = 0% the cross section for the combi-
nations σ(ẽ−L ẽ+

R) = 102 fb and σ(ẽ−L ẽ+
L) =

108 fb are close together. This will essen-
tially not change even if Pe− = −100% were
available.
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Figure 2. Separation of the selectron pair ẽ−L ẽ+
R

in e+e− → ẽ−
L,R

ẽ+
L,R

with longitudinally polar-
ized beams in order to test the association of chi-
ral quantum numbers to scalar fermions in SUSY
transformations.2

However, if polarized positrons are avail-
able, a separation of the different combina-
tions might be possible.

For many SUSY analyses other SUSY
processes are the most important back-
ground. Positron polarization can again be
used to suppress the undesired process, as il-
lustrated for selectron production in [7].

2.5 Transversely Polarized Beams

Recently, theoretical interest has increased
into the physics opportunities transversely
polarized lepton beams offer. The cross sec-
tion involving transversely polarized leptons
is given by

σ = (1 − Pe+Pe−)σunpol

+ (PL
e− − PL

e+)σL
pol + PT

e−PT
e+σT

pol. (3)

Access to the physics of the transverse cross
section σT

pol requires therefore that both
beams be polarized.

It has been shown in [10] that trans-
versely polarized beams project out W+

L W−
L

final states, which are particularly important
for studying the origin of electroweak symme-
try breaking. When studying the azimuthal
asymmetry, which is very pronounced at high
energies, reaching about 10% , and peaks at
larger angles, one has direct access to the
LL mode of WW production without com-
plicated final-state analyses.

The azimuthal asymmetry is also a cru-
cial observable when studying signals of extra
dimensions in the process e+e− → f f̄ .9 With
the use of transversely polarized beams it is
possible to probe spin-2 graviton exchange to
about twice the sensitivity of “conventional”
methods for analyzing contact interactions.
In Fig. 3, the differential azimuthal asymme-
try distribution is shown; its asymmetric dis-
tribution is the signal for the graviton spin-2
exchange.
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Figure 3. Search for large extra dimensions in the
ADD model in e+e− → ff̄ with transversely po-
larized beams. Shown is the differential azimuthal
asymmetry distribution whose asymmetric distribu-
tion is the signal for the graviton spin-2 exchange.9
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Figure 4. Conceptual layout (not to scale) of the experiment. 50-GeV electrons enter from the left and pass
through an undulator to produce a beam of circularly polarized photons of MeV energy. The electrons are
deflected away from the photons by the D1 magnet. The photons are converted to electrons and positrons in
a thin target. The polarizations of the positrons, and of the photons, are measured in polarimeters based on
Compton scattering of photons in magnetized iron.

2.6 Precision Measurement of Beam
Polarization

A Linear Collider operating at energies
around the Z0 pole is a very powerful in-
strument to probe the precision structure of
the standard model. Beam polarization con-
tributes greatly to the physics potential of
this option. In order to exploit this physics
potential, an extremely precise knowledge of
the degree of polarization is needed. At the
moment no method exists to directly measure
the beam polarization to well below 0.1%.

However if both the electron and the
positron beams are polarized, the degree of
polarization can be measured from the events
themselves. In this so-called extended Blon-
del scheme the left-right asymmetry is di-
rectly measurable from observing counting
rates for all four possible combinations of
polarizations, (+,+),(+,-),(-,+), and (-,-) for
the two (e+,e−) beams. With this scheme an
accuracy of the electroweak mixing angle of
δ(sin2 θeff) = 0.00001 and δ(MW ) = 6 MeV
seems possible.11

3 E-166

The experiment E-166 at the SLAC Final
Focus Test Beam (FFTB) is designed to

test undulator-based production of polar-
ized positrons for a future high-energy lin-
ear collider.12 In this experiment, the low-
emittance 50 GeV FFTB electron beam
will pass through the bore of a one-meter-
long helical undulator to generate circularly-
polarized photons of a few MeV, which are
then converted in a thin target to generate
longitudinally-polarized positrons by pair-
production. The positrons are then selected
by a magnetic spectrometer, and their polar-
ization measured, as described below.

Many parameters of this experiment are
similar to those actually required at a future
linear collider, except, of course, for total un-
dulator length and electron beam energy Ee,
and the number of positrons produced per
pulse, as shown in Table 1.

3.1 Photon Production and Undulator
Design

For the production of the polarized photons,
the 50 GeV FFTB electron beam is passed
through the center bore of a 1-m long heli-
cal undulator. This undulator consists of 0.6-
mm diameter copper wire bifilar helix, wound
on a stainless steel support tube with inner
diameter 0.89 mm.

The photons generated in the undulator



Table 1 TESLA, NLC, E-166 Parameters

Parameter TESLA NLC E-166
Beam Energy Ee[GeV] 150-250 150 50
Ne/bunch 3× 1010 8× 109 1× 1010

Nbunch/pulse 2820 190 1
Pulses/s [Hz] 5 120 30
Undulator Type planar helical helical
Undulator Parameter K 1 1 0.17
Undulator Period λu [cm] 1.4 1.0 0.24
Undulator Length L [m] 135 132 1
First Harmonic Cutoff, Ec10 [MeV] 9-25 11 9.6
dNγ/dL [γ/m/e−] 1 2.6 0.37
Target Material Ti-alloy Ti-alloy Ti-alloy,W
Target Thickness[Rad.Length] 0.4 0.5 0.5
Yield e+/photon [%] 1-5 1.5 0.5
Positrons/bunch 3× 1010 8× 109 2× 107

Positron Polarization [%] – 40-70 40-70
TESLA: unpolarized TESLA positron source,4; NLC: proposed polarized positron source

can be understood as the result of backscat-
tering of the electron beam off the virtual
photons of an undulator of period λU . Pho-
tons of a few MeV are needed to allow pair-
production of positrons, requiring the highest
available electron beam energy Ee, and the
shortest undulator period λu

The flux of the generated photons is pro-
portional to the density of the virtual undu-
lator photons, or equivalently, to the square
of the magnetic field, which is commonly
measured by the dimensionless undulator pa-
rameter K = 0.09B0[T ]λU [mm]. We choose
λU = 2.4mm and K = 0.17 for our undu-
lator, which has an inner bore of 0.89mm,
(less than λU ,) to obtain a sufficient field
strength (B = 7.6kG for a 2300 A current).
Fortunately, the excellent FFTB beam has
a low emittance (γεx = γεy = 3 × 10−5m-
rad) and small rms beam size (40µmeter) so
that it will pass through the bore (11 times
rms beam size) without scraping; but careful
beam tuning will be required.

The expected intensity is then

dNγ

dL
=

30.6
λu[mm]

K2

1 + K2
photons/m/e−

= 0.37photons/m/e−. (4)

The photon number spectrum is rela-
tively flat up to the maximum energy of first
harmonic radiation, Ec10:

Ec10 ≈ 24 [MeV]
(Ee/50[GeV])2

(λu[mm](1 + K2))
= 9.6MeV.

(5)
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Figure 5. Longitudinal polarization (solid curve) and

energy spectrum (histogram) of positrons emitted
(Horizontal scale: positron energy, range: 0 −
20MeV ). The solid line is polarization averaged over
a 0.5-MeV energy slice. The dip in the polarization
at 9 MeV is due to the corresponding dip in photon
polarization at about 10 MeV.
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3.2 Positron Production

When a circularly polarized photon creates
an electron-positron pair in a thin target, the
polarization state of the photon is transferred
to the outgoing leptons.13 Positrons with an
energy close to the energy of the incoming
photons are 100% longitudinally polarized,
while positrons with a lower energy have a
lower longitudinal polarization.

Energy loss of positrons by brems-
strahlung in a target is accompanied by a
slight loss in polarization, while low-energy
positrons (< 1MeV ) are stopped by ioniza-
tion loss even in thin targets. These effects
and simulation studies indicate that a tar-
get of about 0.5 radiation lenghts delivers
positrons of the highest polarization for a
given energy.

Figure 5 gives the longitudinal polariza-
tion (solid curve) and energy spectrum (his-
togram) of positrons emitted from a 0.5-
radiation-length-thick Titanium target irra-
diated with photons of the energy and polar-
ization spectra for the chosen undulator de-

sign. The polarization of the total sample is
about 53%. The conversion efficiency from
low-energy γ-rays to positrons in a thin tar-
get is about 0.5%.

3.3 Polarimetry

The measurement of the circular polarization
of high-energy photons is based on the spin
dependence of Compton scattering off atomic
electrons. In this experiment, the transmis-
sion of unscattered photons through a thick
magnetized iron cylinder is used.14 (Scatter-
ing removes photons from the flux.) The
spin-dependent part of the Compton cross
section is PγPeσp, where Pγ is the net photon
polarization, Pe the net polarization of the
atomic electrons (±7.92% for saturated iron),
and σp is the polarized part of the Compton
scattering cross section. Then, the transmis-
sion probability has a polarization-dependent
term, T±(L):

T±(L) ≈ exp[±nLPγPeσp]. (6)



where n is the number density of atoms in
iron, and L the length of the absorber. The
+ or − in T±(L) indicates if the electron spin
in the iron is parallel or antiparallel to the
direction of the incident photons. The asym-
metry of the photon flux (1-6 %) for the two
iron magnetization directions is then propor-
tional to the photon polarization.

While an iron absorber of about 8 cm
thickness is optimal for 7.5 MeV photons, a
thickness of about 15 cm is best in the pres-
ence of backgrounds.

The photon polarimeter, shown in the
upper part of Fig. 6, includes an aerogel
Cerenkov detector before and after the mag-
netized iron absorber, and a total-absorption
Silicon-Tungsten (SiW) sampling calorime-
ter. The areogel detectors are only sen-
sitive to photons with an energy above ≈
5MeV ; therefore, they give a photon number
asymmetry independent of lower-energy pho-
ton backgrounds, while the SiW calorimeter
records the energy-integrated photon spec-
trum and energy-weighted asymmetry.

When the positron production target is
inserted into the undulator photon beam line,
the produced positrons are collected and dis-
placed from the photon beam by a positron
transport line, with an efficiency of about 2%.

The polarization of these positrons is
then measured by a two-step process; first,
they are reconverted by a 0.175cm-thick
Tungsten target into polarized photons, and
then the polarization of these photons is
measured, again by transmission polarimetry
through a magnetized iron cylinder, as dis-
cussed above. The emerging photons, with
a typical energy of about 1 MeV, and about
1000 per pulse, are then measured in a CsI
crystal calorimeter.

Geant simulations have shown that sys-
tematic errors in the polarization measure-
ments are of the order of ∆P/P ≈ 5%; they
are dominated by the (limited) knowledge of
the effective polarization of the atomic elec-
trons in the iron. More details can be found

in [12].

4 Summary and Outlook

Since its approval in June 2003, the E-166 Ex-
periment has already undertaken background
studies, and undulator fabrication is under
way. At this time (August 2004) the installa-
tion of the components for E-166 and detec-
tor operation for background studies is un-
der way; the experiment proper is scheduled
to run in October 2004 and January 2005.
Obtaining and measuring of positron polar-
ization of better than 50 % will demonstrate
the feasibility of undulator-based production
of polarized positrons for a future linear col-
lider, where ever it may be built and whatever
choice of linear accelerator technology, warm
or cold, is made.
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