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Abstract 
E-166 at SLAC has demonstrated the feasibilty of production of polarized positrons for 
the International Linear Collider using a helical undulator to produce polarized photons 
which are converted in a thin target  to polarized positrons. The success of the experiment 
has resulted in the choice of this technique for the baseline design of ILC. 
 . 
Overview 
The University of Tennessee played a major role in the construction, installation, 
operation and data analysis of experiment E-166 at SLAC an experiment designed to 
establish the feasibility of a technique for polarized positron production suitable for 
incorporation into the baseline design of the International Linear Collider. It was 
eminently successful in demonstrating the production of polarized photons using a high 
energy electron beam incident on a helical undulator which are converted in a thin target 
to polarized positrons. It measured and confirmed not only the expected polarization of 
photons and positrons but also that the necessary intensities were achievable to permit 
use in ILC. 
The success of the experiment resulted in the choice of the helical undulator technique in 
the baseline design of the ILC.  [See International Linear Collider Reference Design 
Report, 2007, http://www.linearcollider.org/rdr]. The results on positron polarization 
have also been published [PRL 100, 210801(2008)] and a longer paper with greater 
technical detail is under preparation for submission to Nuclear Instruments and Methods. 
The main results and much of the detail of the experiment can be found in the in the 
Physical Review Letters paper which is included as Attachment 1 to this report. Typical 
positron polarizations of 80% were measured. 
Experimental Setup and History 
We summarize the experimental set up for E166 briefly here. A 46.6 GeV low emittance 
electron beam from the Final Focus Test Beam (FFTB) facility at SLAC was passed 
through a 1m  long undulator with bifilar helical windings of 2.54 mm period and a 0.8 
mm aperture. A pulsed current of 2300 Amperes generated a magnetic field of 0.7T 
perpendicular to the electron path whose direction rotated with the undulator period. This 
created a beam of multi-MeV polarized photons which were allowed to strike a thin 
target generating polarized positrons. The polarization of the remaining photons was 
analyzed by transmission polarimetry in magnetized iron. The polarized positrons were 
transported by a dipole spectrometer magnet to a 0.5 r.l. tungsten target where they were 
reconverted to photons whose polarization was measured also using transmission 
polarimetry. 
The experiment was initially proposed in 2002, and approved and installed in 2004. Data 
taking was begun in October 2004 but was aborted after 3 days due an accident at SLAC 
which resulted in shutdown of the accelerator for several months. The experiment 
resumed for 5 weeks in June 2005 and data collection was completed in a 6 week run in 
September and October, 2005.    
After the first version of the proposal was submitted doubts were expressed by the review 
committee as to the feasibility of the experiment. Doubts were expressed by the particle 
physicists with respect to undulator performance, by the undulator community with 
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respect to safe beam passage through the 800 micron diameter 1 meter long undulator and 
all were concerned about high backgrounds in the FFTB beam area interfering with the 
polarization measurement. 
Because of Tennessee’s extensive experience with experiments in the FFTB area with E-
144 and numerous test beam experiments and with our expertise with particle detectors 
we instrumented the FFTB area extensively with background counters of various types 
(Silicon counters and calorimeters, scintillator, CsI crystals) to measure and identify the 
sources of background. Tennessee monitored these counters parasitically during all other 
experiments carried out in FFTB up to the beginning of E166 and was able to negate 
much of the criticism.  
Equipment for E-166. Institutional Contributions. 
The experiment itself required major contributions from several institutions. 
1) SLAC provided superb infrastructure, installation support and safety monitoring, as 
well as overall guidance and FFTB operation. They built the undulator mover, 
implemented the DAQ system and designed and made all collimators, target holders 
movers, etc. 
2) Cornell designed, built and installed the undulator and pulser system which performed 
impressively.  
3) DESY, Hamburg provided magnetized iron magnets and control systems for the 
photon and positron polarization measurements. 
4) Princeton designed and built dipole spectrometer magnets which focused the positrons, 
performed momentum analysis and transported the positrons to the positron polarization 
analyzer. 
5) Humboldt-Universitat zu Berlin/RWTH, Aachen  constructed the 9 element CsI 
calorimeter used to measure energy of the transmitted photons from the positron 
polarization analyzer. DESY, Zeuthen installed and calibrated the calorimeter. 
6) The University of Tennessee, in addition to area background counters mentioned 
above, designed, installed and monitored all remaining counters used to measure the 
undulator photon intensity and polarization, a total of 6 Si-W photon counters and a Si-W 
calorimeter to measure total photon energy. A special Silicon counter which gave a 
precise count of positrons exiting the transport system vacuum chamber proved crucial to 
correction for false asymmetries in the positron analysis due to unexpected fringe fields 
from the analyzing magnet. Finally, three 23 r.l. Si-W calorimeters were built to monitor 
backgrounds from the primary electron beam scraping the walls of the undulator, which 
turned out to be the dominant source of background in the experiment. 
No major equipment items were provided by the remaining institutions. 
Analysis of Data 
The significant measurements made by E166 relevant to utility for the ILC are: 

1) The intensity of the undulator output (photons per beam electron). 
2) The transmission asymmetry of the undulator photons through the magnetized 

iron when the magnetic field is reversed. This provided the measurement of the 
photon polarization. 

3) The transmission asymmetry through the magnetized iron of the photons arising 
from positrons striking the reconversion target, measuring the positron 
polarization.  



4) Of lesser direct significance to ILC, but important for analysis, the transport 
efficiency and momentum selection performance of the spectrometer dipole 
transport system. 

These measurements required rather subtle and careful analysis but were reasonably 
straightforward. The bulk of the analysis was carried out by DESY, Zeuthen and 
University of Tennessee. 
The Tennessee group performed the analysis for items 1) and 2) for the photon analysis. 
The primary responsibility for 3), the most important number for ILC purposes because 
of it relation to positron polarization lies with the DESY Zeuthen group. However, in an 
independent check with somewhat less sophisticated analysis, Tennessee confirmed the 
DESY asymmetry results. 
Simulation 
It is apparent that while the measured intensity and asymmetry quantities definitely 
establish polarization of undulator photons and positrons, for quantitative results it is 
essential to relate the measured quantities to the quantities of direct interest to ILC. 
The simplest of these is the undulator intensity. The undulator is well understood and the 
design parameters predict 0.34 undulator photons/ beam electron whereas the experiment 
measures 0.2. We attribute the discrepancy to loss of photons due to poor steering of the 
photon beam on collimators. 
Similarly, while there are small detector-dependent differences a simple GEANT 
simulation predicts asymmetry of about 3.5% compared to measured 3.6%. DESY 
Hamburg took responsibility for this simulation and for combining beam and undulator 
parameters to simulate beam profiles. 
Calculation of the positron polarization from the measured asymmetries at a given 
momentum is a monumental task and required an extensive modification of GEANT4 
code to include effects of a multitude of low energy polarization dependent processes. 
DESY Zeuthen undertook this task and GEANT4 version 8.2 onwards now includes 
these modifications. The result of application of the code to calculation of polarization 
from measured asymmetry and also a calculation of expected polarization from first 
principles can be seen in Fig. 6 of Attachment 1.  
Dipole Spectrometer Study 
The dipole spectrometer system exhibited some unexpected features. The most obvious 
of these was the observation from the Tennessee segmented Silicon positron counter that 
the beam exiting the spectrometer vacuum chamber was not centered on the exit window 
as designed but was concentrated to one side suggesting overbending by the dipole field. 
Study of this question led to discovery of a 6 mm construction error in the vacuum 
chamber and the fact that Tungsten shielding on the pole pieces was magnetic although 
its properties were not well determined. Simulations taking these facts into account in an 
ad hoc way were able to duplicate the observed displacement although still predicting too 
few transported positrons per photon on target. 
In view of this uncertainty and since the determination of the positron momentum comes 
exclusively from the simulations the collaboration decided it was important to make a 
momentum measurement at a known momentum and to measure the dependence of field 
on magnet current directly. To accomplish this goal the Tennessee group set up the entire 
spectrometer system at SLAC in End Station A and made an extensive set of 
measurements of Hall probe field-current measurements, and a Beta endpoint 



measurement using a Sr90 source. The SLAC group assisted in the setup but the data were 
taken and analyzed entirely by Tennessee over a 2 month period in December and 
January 2007. We were able to confirm momentum accuracy of system to about 8 %. 
Summary 
The University of Tennessee made a substantial contribution to this experiment which 
demonstrated the feasibility of undulator production of highly polarized positrons for ILC 
and plans to participate in the implementation of this scheme for future ILC applications.  
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J. C. Sheppard,3 A. Stahl,8 Z. M. Szalata,3 D. Walz,3 and A. W. Weidemann3

1Tel-Aviv University, Tel Aviv 69978, Israel
2Cornell University, Ithaca, New York 14853, USA

3SLAC, Menlo Park, California 94025, USA
4University of Tennessee, Knoxville, Tennessee 37996, USA

5Institut für Physik, Humboldt-Universität zu Berlin, D-12489 Berlin, Germany
6DESY, D-22607 Hamburg, Germany

7YerPhI, Yerevan 375036, Armenia
8RWTH Aachen, D-52056 Aachen, Germany

9DESY, D-15738 Zeuthen, Germany
10Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544, USA

11University of Durham, Durham, DH1 3LE, United Kingdom
12STFC Daresbury Laboratory, Daresbury, Warrington, Cheshire, WA4 4AD, United Kingdom

(Received 8 March 2008; published 29 May 2008)

An experiment (E166) at the Stanford Linear Accelerator Center has demonstrated a scheme in which a
multi-GeV electron beam passed through a helical undulator to generate multi-MeV, circularly polarized
photons which were then converted in a thin target to produce positrons (and electrons) with longitudinal
polarization above 80% at 6 MeV. The results are in agreement with GEANT4 simulations that include the
dominant polarization-dependent interactions of electrons, positrons, and photons in matter.
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A polarized positron beam would enhance the physics
capability of a TeV-scale e�e� linear collider [1].
Polarized positrons can be produced via the pair-
production process initiated by circularly polarized pho-
tons [2]. In a scheme proposed by Balakin and
Mikhailichenko [3] a multi-GeV electron beam is passed
through a helical undulator [4] to generate the needed
multi-MeV photons with circular polarization. Alterna-
tively, the circularly polarized photons can be produced
by laser backscattering off an electron beam [5,6]. An
experiment (E166) has been performed to demonstrate
that the undulator-based scheme can produce polarized
positron beams of sufficient quality for use at the proposed
International Linear Collider (ILC) [7]. The main elements
of the experiment were the Stanford Linear Accelerator
Center (SLAC) linac [8], the Final Focus Test Beam
(FFTB) [9], a pulsed helical undulator, and detectors to
measure the photon and positron polarizations [10], as
shown schematically in Fig. 1.

The experiment operated with an electron beam energy
of 46:6� 0:1 GeV at a repetition rate of 10 Hz with 1–4�
109e=pulse. The normalized beam emittances were
��x���y� � 2:2�0:5� � 10�5 m rad, and the transverse
spot size was tuned to �x � �y � 35 �m at the 1-m-
long undulator whose aperture was only 0.9 mm. After
passing through the undulator, the primary electron beam
was deflected away from the photon beam by a string of
permanent magnets (D1). A circularly polarized photon

beam of peak energy � 8 MeV was created in the undu-
lator and then drifted approximately 35 m to the diagnostic
detectors, shown in the lower part of Fig. 1 and in greater
detail in Fig. 2.
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FIG. 1 (color online). Conceptual layout (not to scale) of the
E166 experiment. A 46.6-GeV electron beam entered from the
left and was deflected by magnet D1 after traversing the undu-
lator. Part of the beam of � 8-MeV circularly polarized photons
created in the undulator was converted to positrons in a target
35 m downstream of the undulator, and the rate and polarization
of the positrons and unconverted photons were subsequently di-
agnosed in the spectrometer D2. BPM�beam-position monitor,
BT � beam toroid, C � collimator, HCOR �
horizontal-correction magnet, HSB � hard-soft-bend magnet,
OTR � optical-transition-radiation monitor, PR �
beam-profile monitor, T1 � target, WS � wire scanner.
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The photon beam impinged upon a 0.2-radiation-length
tungsten target T1 to produce positrons and electrons
which were separated in spectrometer D2, and the polar-
ization and rate of the positrons were measured in trans-
mission polarimeter TP1 [11]. The unconverted photons
were monitored in a second transmission polarimeter, TP2.

The undulator had bifilar, helical windings of wires of
cross section 0:6� 0:6 mm2 with currents (2.3 kA in a
12 �s pulse) flowing in opposite directions, resulting in a
transverse magnetic field whose direction rotated with
period 2.54 mm and whose strength was 0.71 T on axis,
corresponding to an undulator strength parameter of K �
0:17. The calculated energy spectrum and longitudinal
polarization of the photons produced by the undulator are
shown in Fig. 3. For an electron beam energy of 46.6 GeV
and K � 0:17 the first-harmonic photon energy cutoff is
E� � 7:9 MeV, at which energy the longitudinal polariza-
tion P� is 0.98, differing from unity due to the small
admixture of second harmonic photons.

The photon beam was monitored in a transmission polar-
imeter TP2, indicated in the right side of Fig. 2. The flux of
photons was determined by aerogel Čerenkov counters,
A2, A2, and by silicon-diode detectors, S1, S2, before
and after a 15-cm-long cylinder of iron whose axial mag-
netization was reversed periodically. The total energy of
photons that passed through the iron cylinder was moni-
tored in a W-plate calorimeter GCAL read out by inter-
leaved Si diodes. The photon flux at full undulator current,
observed in detector S1 with the pair-production target T1
removed, was 0:071� 0:007 photons=beam electron,
which value is only 20% of expectations, likely due to
misalignment of collimator C2. When the undulator cur-
rent was reduced, the photon flux showed the expected
quadratic dependence on the current.

The asymmetry �� � �S�� � S�� �=�S�� � S�� � in the ob-
served signals S�� of photons transmitted through the iron
cylinder was 0:0331� 0:0012�stat� � 0:0063�syst� using
aerogel detector A2, 0:0367�0:0007�stat��0:0040�syst�
using calorimeter GCAL, and 0:0388� 0:0006�stat� �
0:0016�syst� using Si-diode detector S2. A simulation
that combined the energy and polarization distributions
shown in Fig. 3 with the spin dependence of Compton
scattering of the polarized photons off polarized atomic
electrons in the magnetized iron [12] calculated asymme-
tries of 0.036 for detector A2 (assuming a Čerenkov thresh-
old of 3.8 MeV), 0.035 for GCAL, and 0.034 for S2.

Positrons (and electrons) produced from undulator pho-
tons in the W target T1 were focused to a parallel beam by
solenoid lens SL and then energy selected and separated
from the electrons and unconverted photons in spectrome-
ter D2 consisting of a pair of dipole magnets, shown in
Fig. 2. The energy spread of positrons at the reconversion
target T2 was 5% (FWHM). The positron flux (typically
2–6� 104=pulse with undulator on and 1% of this with
undulator off) was monitored at this location by Si-diode
detector P1. The polarization of the positrons was deter-
mined by first reconverting them into polarized photons by
a 0.5-radiation-length W disk, and then using transmission
polarimeter TP1 to measure the longitudinal polarization
of the photons. This polarimeter consisted of a 7.5-cm-long
magnetized iron cylinder followed by a 3� 3 array of CsI
crystals.

Data were collected with the undulator on and off during
successive electron beam pulses. The sign of the magneti-
zation of polarimeter TP1 (and that of TP2 as well) was
reversed after every 1500 undulator-on beam pulses.

FIG. 2 (color online). Schematic of the photon and positron
diagnostics. A1, A2 � aerogel �Cerenkov detectors, C2� C4 �
collimators, D2 � dipole spectrometer magnet, CsI � 3� 3
array of CsI crystals, GCAL � Si-W calorimeter, J � movable
W jaws, P1, S1, S2 � Si-diode detectors, SL � solenoid lens,
T1 � positron production target, T2 � reconversion target,
TP1 � positron transmission polarimeter solenoid, TP2 �
photon transmission polarimeter solenoid. The detectors were
encased in lead and tungsten shielding (not shown).
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FIG. 3 (color online). Solid line: calculated photon number
spectrum per beam electron of undulator radiation integrated
over angle, plotted as a function of photon energy E� for electron
beam energy 46.6 GeV, undulator period 2.54 mm and undulator
strength parameter K � 0:17. The peak energy of the first-
harmonic (dipole) radiation was 7.9 MeV. Dashed line: longitu-
dinal polarization P� of the undulator radiation as a function of
energy.
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Beam-off and target-out runs were interspersed throughout
the data sets. Data were taken with positrons at five ener-
gies from 4.6 to 7.4 MeV, and with electrons at a single
energy (6.7 MeV) for which the current in dipole spec-
trometer D2 (but not that in solenoid lens SL) was re-
versed. Data samples for each energy ranged from
2–20� 105 beam pulses and a total of more than 8�
106 events were recorded during the experiment.

The distribution of photon energies from reconverted
positrons as observed in the central CsI crystal for central
positron energy of 6.7 MeV is shown in Fig. 4 for
undulator-on and undulator-off beam pulses. Approxi-
mately 30 photons from reconverted positrons were ob-
served each pulse above a background of a similar number
of MeV particles from showers of beam electrons that
scraped the undulator tube.

The positron (or electron) polarization is derived from
the asymmetry

 �e� � �S
�
CsI � S

�
CsI�=�S

�
CsI � S

�
CsI� (1)

of signals S�CsI that are proportional to the (integrated)
energies E�CsI of reconverted photons observed in the cen-
tral CsI crystal for the two signs of axial magnetization of
polarimeter TP1. The outer eight crystals of the CsI array
were not used in the final analysis because of poorer signal-
to-background ratio. The energy calibration of the crystals
was maintained by data collected with radioactive sources
embedded in the array. The photon energies E�CsI were
corrected for background using the undulator-off data,
and normalized to the rates observed in the Si-diode de-
tector P1 according to

 SCsI �
1

NonNoff

XNon

i�1

XNoff

j�1

Eon
CsI;i � E

off
CsI;j

Ion
i

Ioff
j

P1on
i � P1off

j
Ion
i

Ioff
j

; (2)

where Non � Noff � 1500 are the numbers of events with
undulator-on and off in data sets with � magnetization of
polarimeter TP1, I is the number of 46.6-GeV electrons as
measured in beam toroid BT, and P1 is the signal observed
in that Si-diode detector. Terms in Eq. (2) more than 2
standard deviations from the mean were discarded to sta-
bilize the averaging procedure against the effect of outliers
caused by occasional off-energy electron beam pulses.

The asymmetry (1) was calculated for each pair of 1500
undulator-on beam pulses with opposite magnetization of
the polarimeter, as shown in Fig. 5 for data collected with a
central positron energy of 6.1 MeV. Asymmetries more
than 3 standard deviations from the average were dis-
carded. The averaged asymmetries were typically 1%, as
listed in Table I. Without the normalization (2) to the rates
in detector P1, the asymmetries would have been about
10% smaller for positrons and 40% larger for electrons,
which indicates differing effects on these particle types of
their interactions with the stray fields of the solenoid lens
SL, the spectrometer magnet D2, and the polarimeter
magnet TP1. Alternative normalization procedures yielded
results consistent with those given in Table I. Use of all
nine CsI crystals in the analysis yielded similar results but
with larger uncertainties due to the relatively larger back-
grounds in the outer crystals.

The longitudinal polarization Pe� of the positrons (elec-
trons) is deduced from the measured asymmetry �e� using
the relation

 Pe� �
�e�

Ae�P
Fe
e�
; (3)

where PFe
e� � 0:0695� 0:0021 is the longitudinal polar-

ization of the atomic electrons in the iron cylinder, and Ae�
is the analyzing power determined by numerical simula-
tion. The latter was performed with an enhanced version of
the GEANT4 toolkit [13] that included six new routines to
deal with circularly polarized photon beams and longitudi-
nally polarized electron beams [14]: for Compton scatter-
ing, Møller or Bhabha scattering, and electron-positron
annihilation the dependence of the cross section on beam
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FIG. 4 (color online). Distributions of energy ECsI observed in
the central CsI crystal of the positron polarimeter from individ-
ual electron beam pulses with undulator-on (right peak) and
undulator-off (left peak). The central positron energy was
6.7 MeV.

Pair number
0 50 100 150 200

A
sy

m
m

et
ry

-0.05

0

0.05

FIG. 5 (color online). Positron-induced asymmetries �e� in the
central CsI crystal of the positron polarimeter for 220 pairs of
1500 undulator-on beam pulses with opposite magnetization in
the polarimeter. The central positron energy was 6.1 MeV. The
average asymmetry was 0.0108, as indicated by the horizontal
line.
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and target polarization was modeled; in addition, the po-
larization transfer from initial- to final-state particles in
bremsstrahlung, electron-positron pair annihilation and
creation, and the photoelectric effect was evaluated. The
relative systematic uncertainty on the analyzing power is
estimated to be 7%.

The asymmetries �, the analyzing powers A, and the
longitudinal polarizations Pe� of electrons and positrons
deduced using Eq. (3) are listed in Table I, and the polar-
izations are shown together with simulations in Fig. 6 as a
function of particle energy. The shift between the curves
arises because for photon energies that peak near E� �
7:9 MeV the maximum energy of a positron from
pair production is Ee� � E� �mc

2 � 7:4 MeV, while
electrons from Compton scattering and the photoelectric
effect have maximum energies EC

e� � E� �mc
2=2 �

8:2 MeV and EPE
e� � E� �mc2 � 8:4 MeV, respectively,

where mc2 � 511 keV is the rest energy of the electron.

The uncertainties shown in the figure include both statisti-
cal and systematic effects where the latter were estimated
from studies of the effects of non-Gaussian fluctuations
and outlier rejection, from the quality cuts on the beam
current, of the pairing of sets of 1500 beam pulses, of
background correction, and of the stray-field-induced
asymmetry at the counter P1 used for signal normalization.

The results of this experiment are in agreement with
GEANT4 simulations that positron polarization of 80% is
obtainable at MeV energies when GeV electrons pass
through a helical undulator, producing MeV photons that
are converted in a thin target. The polarization extensions
to GEANT4 provide a basis for optimization of the ILC
positron source, and for other applications of polarization
transfer, such as polarimetry. The technique of undulator-
based production of polarized positrons, demonstrated in
this experiment, can be scaled up to provide polarized
positron (and electron) beams for the next generation of
linear colliders [7].
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FIG. 6 (color online). Longitudinal polarization Pe� as a func-
tion of energy Ee� of positrons and electrons as determined from
the asymmetries �e� observed in the central CsI crystal. The
smaller error bars show the statistical uncertainty, and the larger
bars indicate the statistical and systematic uncertainties com-
bined in quadrature. Also shown are predictions by a GEANT4

simulation of the experiment.

TABLE I. The asymmetries �e� (in %) observed in the trans-
mission polarimeter TP1, and the corresponding analyzing
powers Ae� and longitudinal polarizations Pe� (in %) as a
function of energy Ee� in MeV.

Ee� �� ���stat� A P� �P�stat� � �P�syst�

4.6 (e�) 0:69� 0:17 0.150 66� 16� 8
5.4 (e�) 0:96� 0:08 0.156 89� 8� 9
6.1 (e�) 1:08� 0:06 0.162 96� 6� 10
6.7 (e�) 0:92� 0:08 0.165 80� 7� 9
6.7 (e�) 0:94� 0:05 0.153 88� 5� 15
7.4 (e�) 0:89� 0:20 0.169 76� 17� 12
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