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Abstract

A new polarimeter for low-energy electrons has been built and tested. The device was developed for the measurement of the transverse

polarization of beta particles emitted in the decay of polarized cold neutrons. The decay electrons are identified by multi-wire

proportional chambers made of low-Z materials and are detected with plastic scintillator hodoscopes. The transverse polarization is

analyzed by means of large angle Mott scattering on a thin Pb foil. We describe here the elements of the apparatus and present the results

of test measurements which illustrate its performance.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Standard Model (SM) predictions of T-violation
originating from the quark mixing scheme, for systems
involving only u and d quarks, are 5–10 orders of
magnitude lower [1] than the experimental accuracies
available to date. This applies to determinations of the T-
violating electric dipole moments as well as to T-violating
correlations in decay or scattering processes. With such a
strong suppression of the SM these experiments provide a
large window to search for Physics beyond the Standard

Model. It is a general presumption that time reversal
e front matter r 2006 Elsevier B.V. All rights reserved.
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violation phenomena are caused by a tiny admixture of
exotic interaction terms. Therefore, weak decays provide a
favorable testing ground in the search for such feeble
forces. Physics with very slow, polarized neutrons has a
great potential in this respect. The experiment presented
here will measure two observables, the R and N correla-
tions, that have so far not been addressed experimentally in
neutron decay.
The relevant terms for the beta decay rate W from

oriented nuclei can be written as [2]:

W / 1þ A
h~Ji �~pe

Ee
þ � � � þ R

h~Ji � ð~pe � ŝÞ
Ee

þNh~Ji � ŝþ � � � ð1Þ

where h~Ji � PĴ is the polarization vector of the parent
system, ~pe and Ee are the momentum and energy of the
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detected electron, and ŝ is the unit vector onto which the
electron spin is being projected.

The R correlation parameter can be deduced from the
electron transverse polarization component normal to
the plane spanned by the parent polarization h~Ji and the
electron momentum ~pe. After correcting for final-state
interaction effects [3], the R parameter is expected to
be zero if time reversal invariance holds.

The parameter N multiplies the scalar product of the
electron spin projection vector ŝ and the polarization h~Ji of
the parent particle. It can be deduced from the transverse
polarization component contained in the plane spanned by
the h~Ji and ~pe vectors. The term multiplying N conserves
time reversal invariance. In the Standard Model the value
of N scales with the decay asymmetry parameter A:

NSM ¼ �
me

Ee
ASM � þ0:1173

me

Ee
(2)

where me denotes the electron mass and ASM ¼ �0:1173
was adopted from the Particle Data Group [4]. The
relatively large value of N will be used as an internal
sensitivity monitor of the electron polarimeter. Further-
more, the term involving the decay asymmetry parameter A

offers the possibility to measure the average neutron
polarization in the beam volume observed by the electron
polarimeter.

Both coefficients of interest, R and N, define the
transverse electron polarization. A reliable measurement
of these quantities is the central issue of the project. In the
following, we describe an apparatus which was built using
the experience gathered with a prototype tracking detector
described in a previous paper [5].
2. Mott scattering

Mott scattering of electrons from high-Z nuclei reveals a
remarkably high sensitivity to the electron polarization,
especially at large scattering angles. The origin of this
Fig. 1. Mott scattering cross-section ds=dOðE; WÞ and analyzing power SðE;W
Sherman tables [7]. The shadowed areas represent the angular and energy ran
sensitivity is the spin–orbit interaction. As a parity
conserving process, Mott scattering depends only on the
electron polarization component normal to the scattering
plane. Thus, the left–right cross-section asymmetry can be
used to probe the transverse polarization of impinging
electrons while being strictly insensitive to their long-
itudinal polarization. Mott scattering is ideally suited as
electron spin analyzer in R- and N-correlation experiments
[6]. The direct use of the Mott cross-section and analyzing
powers obtained from QED for bare point like particles is
excluded due to significant nuclear size effects and screen-
ing from shell electrons. In the following, we therefore refer
to the theoretical cross-sections and analyzing powers
which take these effects into account and were tabulated by
Sherman [7]. Fig. 1 shows the cross-sections and analyzing
powers for electrons in the energy range of interest
(200–800 keV) scattered from Pb nuclei. At backward
scattering angles the analyzing power reaches values as
large as �0:5 with still reasonable cross-section in the range
of 20–800 barn=sr.

3. Principle of the experiment

Considering the relatively low end-point energy in
neutron b-decay (783 keV) and a huge background
originating from neutron captures in the surrounding
materials, the identification of the decay electrons is based
on tracking and on the measurement of their energy. In a
real experiment, the Mott scattering events are 3–4 orders
of magnitude less numerous than the decay electrons. The
Mott scattering target must be relatively thin (� 1mm) in
order to reduce multiple Coulomb scattering effects which
decrease the effective analyzing power and cause energy
loss and straggling. These rare Mott scattering events are
identified amongst the overwhelming background of
electrons scattered in the detectors and their frames by
reconstruction of the scattering vertex. Fig. 2 illustrates the
measuring principle. An electron emitted in the decay of a
Þ (‘‘Sherman function’’) for a Pb target obtained by interpolation of the

ges relevant to the experiment described here.
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Fig. 2. The principle of the experiment to determine the transverse polarization of the electrons emitted in the decay of polarized neutrons. The electrons

are backscattered from the spin analyzer Pb foil. From the electron tracks, the scattering angle and the Mott scattering asymmetry can be deduced.

3Ingenieurbuero Stronciwilk, Germany.
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polarized neutron crosses a tracking detector and scatters
in the Mott target. It then passes the tracking detector
again, traverses the beam volume, crosses the other
detector on the opposite side of the beam and, finally,
deposits its energy in a plastic scintillator detector. Out of
two considered geometries, planar and cylindrical [8], we
realized the first one. The system accepts electrons from
roughly 0.5m of beam length with an effective solid angle
of 4 sr.

4. Optimization of the geometry and choice of detectors

For a reliable spin analysis process, electron depolariza-
tion on the way to the Mott scattering vertex must be small
and the energy loss before entering the scintillator should
not be large. This means that for electrons in the energy
range 200–800 keV tracking detectors should be made of
light, i.e. low-Z materials. This stringent constraint is
approximately fulfilled by a helium-filled multiwire pro-
portional chamber (MWPC). A small prototype was
subject to extensive studies and optimization [5].

Plastic scintillators are used for the energy measurement.
They have modest energy resolution, however their fast
response can be exploited in the event trigger generation.
Plastic scintillator detectors are arranged in a hodoscope of
long slabs. Despite their modest position sensitivity, they
are very useful in the event reconstruction.

The Mott scattering target must be made of a material
with as high as possible atomic number Z, in order to gain
the necessary analyzing power and scattering cross-section.
Three elements were tested for this purpose: gold (Z ¼ 79),
lead (Z ¼ 82) and depleted uranium (Z ¼ 92). Gold was
rejected as being expensive and suffering from beta activity
induced by neutron capture. Also the preparation of the
large size targets from uranium failed. Therefore, for
practical reasons, natural lead is the best choice. Given the
Z value of the Mott scatterer, the size of multiple Coulomb
scattering effects in the target can be controlled solely by
the target thickness.
The finite dimensions of all subsystems were optimized

using extensive Monte-Carlo simulations with the
GEANT4 package [9]. Additional functionality has been
incorporated to trace the propagation of the electron
polarization in detectors and in the scattering foil [10]. A
layout of the whole system is shown in Fig. 3.

4.1. Beam line, collimator, decay chamber and beam stop

The experimental set-up is installed on the polarized cold
neutron beam line FUNSPIN at the spallation source
SINQ [11]. At the exit window, the beam intensity reaches
roughly 1010 neutron=s distributed over a 4� 15 cm2

rectangular cross-section. The average polarization ap-
proaches 90%. A thorough study of the beam phase space
and polarization has been carried out [13]. The neutrons
enter the decay chamber through a 80 cm long collimator
with rectangular apertures made of 1.5mm thick polymer
sheets. The polymer is a LiF compound containing 6Li
enriched to 90%.3 The advantage of this shielding material
is that it efficiently absorbs slow neutrons without



ARTICLE IN PRESS

Concrete

Lead

Magnet plate

6

2

4

9

57

3

1m

1
8

10

Fig. 3. Layout of the experimental set-up including: 1—neutron beam collimator, 2—decay chamber, 3—beam stop, 4—multiwire proportional

chambers, 5—scintillator hodoscopes, 6—Mott scattering foil, 7—guiding field magnet, 8—fail-safe beam shutter, 9—Mylar window, 10—separating

Mylar foil.
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producing gamma background. In average, only three
photons are produced per 104 captured neutrons as
compared to an almost 1:1 ratio for borated plastic, the
most popular commercial neutron shielding material. The
inner walls of the collimator section are also covered by
6LiF polymer sheets. A 2:5mm thick Mylar foil separates
the helium-filled collimator box and decay chamber from
the air gap occupied by the fail-safe beam shutter placed
immediately behind the beam line exit window. The
collimator is surrounded by borated plastic, iron, lead
and concrete blocks forming a wall which shields the
experimental area from the spin flipper section (Fig. 3).

The name ‘‘decay chamber’’ was given to the section of
the beam line which is ‘‘observed’’ by the electron
detectors. It is a 180mm wide, 720mm high, and 750mm
long box made of Resocel4 frames connecting two
symmetric parts of the Mott polarimeter. The decay
chamber is coupled to the beam collimator through a
300mm long drift box. As in the case of the beam
collimator, the inner walls of the decay chamber (the frame
components and the top and bottom) are covered with one
or two layers of 6LiF polymer.

After passing the decay chamber, neutrons enter the
beam stop section which is a 1300mm long diverging box
covered with 6LiF shielding. The place where the beam is
dumped contains four layers of this material. Calculations
have shown that the neutrons reflected from this beam stop
increase the neutron flux in the decay chamber by only
10 ppm.

The whole system consisting of the collimator, the drift
box, the decay chamber and the beam stop section is air
tight, filled with helium with purity higher than 99% and
kept at a slight overpressure against ambient air. Fig. 4
presents a perspective view of the system. For clarity, the
detectors and the Mott scatterers were drawn semi-
transparent.
4Micafil, UK.
4.2. Multiwire proportional chambers

MWPC are used in the Mott polarimeter as electron
tracking devices. They were built according to the
experience gained with a small prototype [5], a tracking
detector for electrons in the energy range 200–1000 keV.
The amount of material which electrons have to traverse in
the detector should be as small as possible and the detector
should provide an acceptable angular resolution. More-
over, the active part of the detector must be made with
materials having the lowest possible Z in order to minimize
angular straggling and depolarization in multiple Coulomb
scattering processes.
The optimal parameters found in that study were: (i)

wire material: Ni/Cr alloy (80/20%), (ii) wire diameter:
25mm, (iii) spacing between anode wires: 5mm, (iv) spacing
between cathode wires: 2.5mm, (v) distance between anode
and cathode planes: 4mm, (vi) gas mixture: 90% helium,
5% Methylal5 vapor, 5% isobutane, (vii) high voltage:
1800V. Anode and cathode wires are oriented perpendi-
cularly giving xy-information on the hit position.
Using the above geometry parameters, two MWPCs

were built with an active area of 500� 500mm2 each. Each
chamber consists of five cathode–anode–cathode packets
stacked next to each other with 4mm thick spacers in
between. The chamber windows are made of 2:5mm thick
Mylar foil. For protection, two extra planes of wires are
inserted between the outer cathode planes and the
windows. These wires are kept at a voltage of about 20V
and can trigger an alarm and an emergency shutdown
procedure in case an imbalance between the inner and
outer gas pressure occurs. Note that an imbalance of only 1
per mille results in a force of 20N on this fragile foil.
All wire frames and spacers are made of Stesalit6 glass

fiber. They are sealed with 1.6mm thick rubber gaskets and
5Methylal: C3H8O2.
6Stesalit AG, Switzerland.
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Fig. 4. Perspective view of the beam guiding system. For clarity, the detectors and the Mott scatterers are drawn semi-transparent. 1—beam collimator,

2—decay chamber, 3—beam stop. The support structure and guiding field magnets are omitted.

7Bicron B408.
8Photonis XP3330/B.
9LED Dielight.
10LOFO High Tech Film GmbH, Germany.
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equipped with commercial gas in and outlets. The gas
mixture flow is kept at 20 l per hour (per detector).

It should be noted that the 2:5mm thick Mylar MWPC
windows are in no way tight for helium. Helium is thus
exchanged between the MWPCs and the decay chamber
due to diffusion. However, Mylar is tight enough to
prevent Methylal and isobutane from diffusing into the
beam section.

4.3. Gas flow control

A gas system based on standard commercial flowmeters
(tapered glass tube with a float) was built to mix helium,
isobutane and Methylal. Since, at normal pressure,
Methylal is liquid, its admixture is realized by passing a
well-defined fraction of pure helium through a temperature
stabilized Methylal bubbler. Thus, the Methylal concentra-
tion in the gas mixture can be controlled either by a change
of the helium flow through the bubbler or by a change of
the Methylal temperature. This low cost solution suffers
from sensitivity to small fluctuations of the input pressure,
limiting the absolute accuracy of the mixture composition
to about 1%. To reduce this effect the application of
electronic gas flow controllers is planned.

4.4. Scintillator hodoscopes

The role of the plastic scintillator hodoscopes is twofold.
They provide energy and crude hit position information for
the detected electrons as well as the time reference in the
fast trigger logic and wire signal readout scheme. Each
hodoscope consists of six plastic scintillator7 slabs with the
dimensions 630� 100� 10mm3, coupled on each end to a
photomultiplier8 through short light guide adaptors.
Scintillators and adaptors are wrapped with a thin
aluminized Mylar foil and equipped with light emitting
diodes9 (LED) placed in the center. LED flashes are used
for monitoring the detector gain stability. Light tightness is
provided by thin polycarbonate foil.10 The photomulti-
pliers are mounted in tight compartments flushed with air,
with a small overpressure to prevent diffusion of helium
into the glass bulbs. They are shielded with m-metal against
the stray field of the neutron spin guiding field magnets.
4.5. Mott scattering foil

The Mott scattering target consists of about 1mg=cm2

natural lead evaporated onto a 2:5mm thick Mylar
substrate and stretched over a 500� 500mm2 large Resocel
frame. For technical reasons the substrate consists of two
250mm wide strips. The lead uniformity in the longitudinal
direction is better than 7% while in the transverse direction
continuous variations up to 20% are possible. The target
frames (two pieces) are mounted in special helium-
filled chambers placed on both sides of the polarimeter.
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Fig. 5. Perspective view of the detection system and Mott target assembly. For clarity, the beam guiding elements and one side of the polarimeter are

drawn semi-transparent. 1—MWPC, 2—scintillator hodoscope, 3—Mott scattering foil (‘‘foil-out’’ position). The support structure and the guiding field

magnets are omitted.
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A remotely controlled change-over between the two work-
ing positions (‘‘foil-in’’ and ‘‘foil-out’’) is available. The
Mott target chambers are sandwiched between the MWPCs
and the scintillator hodoscopes as shown in Fig. 5.

4.6. Guiding field

The neutron polarization has to be maintained in the
beam, including the segment observed by the detectors.
The whole apparatus is enclosed in an electromagnet which
constitutes also a convenient support structure for the
experiment. This magnet consists of two horizontal iron
plates (200� 100� 1 cm3) connected with eight ‘‘legs’’
(198� 10� 2 cm3) which support copper coils connected in
series to a DC power supply. The magnet produces a
vertical field of about 1mT. In the volume occupied by the
neutron beam and viewed by the polarimeter detectors the
field uniformity, defined as a tangent of the maximal
angular departure of the field vector from the vertical
direction, tan y, is better than 0:01. This tolerance is in
agreement with the precision of about 1% for the neutron
polarization measurement [13]. In the same region, the field
magnitude varies less than 5%.

In order to improve the guiding field uniformity in the
beam collimator in front of the main magnet and to
adiabatically guide the spins of the neutrons entering the
Mott polarimeter a second, smaller magnet of similar
design was integrated in the shielding wall. The layout of
both magnets is shown in Fig. 6.

4.7. Readout electronics

The electronic system of the detectors is an upscaled
copy of that developed for the prototype detector [5].
Signals from both anode and cathode wires are acquired.
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13LeCroy, Fast Encoding and Readout Acquisition.
14CES, Triple Port Memory, model 8170.
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For the cathode planes, only wires belonging to one plane
per packet are actively read. The second plane is inactive.
Moreover, the adjacent active wires are coupled into pairs
since it is not possible to achieve a spatial resolution better
than 5mm due to the induced charge distribution (large hit
clusters). The advantage of coupling the wires into pairs
resides in the increase of pulse height and reduction of the
number of electronic channels. After amplifying, shaping
and discriminating, the wire signals undergo time analysis
with respect to the reference signal delivered by the fast
trigger circuit. Such time information allows a rough pulse
height selection useful in the centroid reconstruction of
overlapping clusters [5].

Another interesting feature of this electronic system is its
analog multiplexer exploiting the multihit capability of the
TDC module.11 In this way, the total number of digital
channels necessary for two chambers can be reduced from
1920 to 384.

The electronics used for the photomultipliers is rather
standard and uses custom-made boards. The 24 individual
anode signals are first split in analog fan-outs. One branch
is delayed and sent to charge sensitive ADCs.12 The second
is fed to the fast trigger circuit after discrimination.
Additionally, the time measurement with respect to the
fast trigger reference is performed for all individual PM’s
with the accuracy of 5 ns. One should note that the
hodoscopes operate at high count rates (� 5� 105 per
second, per hodoscope) so that time information is very
useful for the reduction of random coincidences.

4.8. Fast trigger

Under experimental conditions the background radia-
tion consists of scattered neutrons, secondary g-rays and
electrons. This requires the inclusion of the information
from the wire chambers in the event selection process. The
electrons originating from neutron decay which were
backscattered in the Mott analyzer foil, must traverse one
of the two wire chambers twice and the second one only
once before being detected in the plastic scintillator. This
allows to use the wire hit multiplicity information to
distinguish between ‘‘good events’’ (called here ‘‘V-tracks’’)
and more frequent ‘‘single-track’’ events. The characteristic
signature of a ‘‘V-track’’ event is that the number of wires
hit on the side of the scattering vertex is roughly two times
larger than that on the opposite side. Since the wire hit
multiplicity information is not available for the hardware
trigger, the final identification of the Mott scattering events
is performed in the off-line analysis. On-line, instead, the
hardware trigger utilizes the plane multiplicity signals
which are constructed from the logic wire signals,
separately for the anode and the cathode planes. They
are available already 80 ns after the scintillator pulse. The
‘‘V-track’’ candidates are recognized by demanding a high
11LeCroy, Multihit TDC, model LRS 3377.
12LeCroy, Charge sensitive ADC, model LRS 4300B.
plane multiplicity on both sides in coincidence with exactly
one scintillator hodoscope involved in the event. If this
happens, a master gate triggers the data acquisition system.
All the scintillator signals appearing within a time window
of 80 ns and all the wire signals appearing within a time
window of 400 ns are digitized and stored. The ‘‘single-
track’’ candidates are recognized as coincidences between
the high plane multiplicity in only one MWPC and the
corresponding hodoscope logic OR signal. The ‘‘single-
track’’ events are stored at a rate prescaled by a factor of 2.
The logic circuit realizing the above conditions has been
developed in the study of the prototype detector, for details
see Ref. [5].
4.9. Data acquisition and control systems

All pulse digitizers used in the experiment are FERA13

compatible. The main stream of data is transported over
the FERA bus, derandomized in two VME hosted triple
port memory modules14 and logged onto a Digital Linear
Tape device under control of a RIO2 controller15 running
the LynxOS real-time operating system. Data buffer
management and monitoring utilities are performed with
the MBS data acquisition software16 controlled from a PC
running a Linux operating system. The maximal data
flow rate in the experiment reaches 1MB/s, far below
the throughput capacity of the system which approaches
7MB/s.
All slow control tasks, including setting of high-voltage

channels, DC thresholds, monitoring and security feed-
backs, as well as controlling of a mechanism for energy
calibration, are organized around an industrial PC
computer and programmed in the LabView17 environment.
5. Performance tests

The complete system was tested with the polarized cold
neutron beam FUNSPIN. Tests addressed the tracking
capabilities of wire chambers with emphasis on the spatial
resolution of the reconstructed Mott scattering vertex and
on signal-to-background ratio.
An important issue is the identification of electrons

emitted in the neutron decay. This is performed by
comparing the measured energy distribution, after back-
ground subtraction, with the theoretical b-decay spectrum.
From the decay asymmetry, it is possible to deduce the

average polarization of neutrons within the angular
acceptance of the Mott polarimeter, with a precision
adequate for the measurement of the R correlation. The
arrangement of detectors is, however, far from being
optimal for this purpose.
15CES, RIO2 PowerPC based VME controller.
16MBS, Data acquisition package, GSI, Darmstadt.
17National Laboratories, LabView package for data acquisition.
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Fig. 7. Display of a typical event. The size of dots representing wire hits is proportional to the pulse height. Dashed lines represent straight line fits to the

combination of clusters performed independently for two projections: yx—information from anode wires and zx—information from cathode wires. The

length of the bar marking the hit scintillator slabs represents the acquired pulse height. The rectangles on the y- and z-axes indicate the neutron beam

position. The circles show the track segment matching regions.

Fig. 8. Distributions of x-coordinates of the reconstructed electron

scattering vertices. Both, ‘‘foil-in’’ and ‘‘foil-out’’ measurements (upper

panel) as well as the difference between these (lower panel) are plotted.

The arrows show the positions of the Pb-foils.
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5.1. Reconstruction of electron tracks and scattering vertices

The first step in the reconstruction of the electron tracks
is the recognition of wire hit clusters for two spatial
projections independently: yx—information from anode
wires and zx—information from cathode wires. A typical
event is shown in Fig. 7. Overlapping clusters are resolved
using the pulse height information. Straight lines are then
fitted to the hit patterns in both projections using a
combinatoric algorithm and the w2-criterion. The resulting
electron track segment candidates are confronted with a set
of conditions, including geometrical limits, matching
between track segments and matching with the scintillator
hit. According to the degree of fulfillment of the criteria
above, the events are assigned suitable ‘‘quality weights’’
for further analysis.

If the track segments crossing is seen in both projections,
further steps are taken to finally identify a Mott scattering
vertex of an electron originating in the beam volume: (i) the
x-coordinates of the vertices, reconstructed with the
information from anodes (xy-projection) and from cath-
odes (xz-projection), should match with each other within
a given tolerance, (ii) the wire chamber opposite to the one
suspected to register a V-track should have detected only
one track fitting to one arm of this V-track candidate,
(iii) the scintillator close to the V-track vertex must not
have detected an electron.

Fig. 8 shows the distributions of x-coordinates of the
reconstructed electron scattering vertices. In the upper
panel, the ‘‘foil-in’’ and ‘‘foil-out’’ measurements are
plotted while the lower panel shows the difference between
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these. The resulting distributions define the position
resolution to locate the Mott scattering foil. The asym-
metry between the numbers of the reconstructed vertices on
both polarimeter sides can be traced back to the difference
in the amount of the scatterer material, slightly different
effective scintillator thresholds and unequal MWPC
efficiencies. The small peaks seen in both ‘‘foil-in’’ and
‘‘foil-out’’ spectra around x ¼ �180mm are due to
scattering on the inactive wire plane close to the MWPC
window. Fig. 9 contains the density distributions of
reconstructed vertices of the Mott scattering from Pb
nuclei projected onto the plane occupied by the Mott
target. The density variations reflect both the geometrical
acceptance of the polarimeter and the varying surface
density of the target.

5.2. Energy calibration

The energy calibration of the plastic scintillator hodo-
scopes is performed using conversion electrons from a 207Bi
source. This source provides mono-energetic electrons of
several energies in the region of interest. Due to the
modest resolution of plastic scintillators, only two energy
groups can be distinguished around E1 ¼ 503 keV and
E2 ¼ 995 keV. The calibration procedure is as follows: (i)
Data is taken with the 207Bi source moving slowly in front
of the wire chambers. In this way, any dependence of gain
on the hit position can be traced and corrected for. (ii) The
electron tracks are reconstructed from the wire chamber
data. (iii) The combined pulse height, gi, (i ¼ 1; . . . ; 12—
slab number) is defined in a standard way [12] as the
geometrical mean from the pulse heights c

up
i and cdowni of

signals recorded by the ‘‘up’’ and ‘‘down’’ photomultipliers
attached to the scintillator slab and the energy groups, Eð1Þ
and Eð2Þ, are identified. (iv) Knowing the hit position (from
the extrapolated electron track) the position dependence of
the gain is constructed for all detector slabs and for both
energy groups, Eð1Þ and Eð2Þ, independently. The gain
function, giðyÞ, is assumed to be a linear function of the
‘‘deposited energy’’, E 0, i.e. corrected for the energy loss
obtained from look-up tables (the look-up tables are
constructed for particular geometry and material composi-
tion in 10 keV steps; linear interpolation is applied for
energies between mesh points):

g
ð1Þ
i ðyÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c
ð1Þup
i ðyÞc

ð1Þdown
i ðyÞ

q
¼

1

aiðyÞ
½E0
ð1Þ
� biðyÞ�; i ¼ 1; . . . ; 12,

g
ð2Þ
i ðyÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c
ð2Þup
i ðyÞc

ð2Þdown
i ðyÞ

q
¼

1

aiðyÞ
½E0
ð2Þ
� biðyÞ�. ð3Þ

The position dependent gain coefficients aiðyÞ and biðyÞ are
different for different scintillator slabs. They can be
calculated from the above set of equations. Fig. 10 shows
the y-dependence of the gain coefficients ai, bi for one
scintillator slab, together with the calibrated 207Bi spectrum
recorded with the complete hodoscope.
In order to determine the linearity of the detector

response, the procedure was repeated with the 207Bi source
covered by energy degraders of various thicknesses. In the
analysis, the energy loss look-up tables were modified
accordingly. Fig. 11 demonstrates the relation between the
pulse height and energy for one scintillator slab.

5.3. Beta decay spectrum

After the electron tracks are reconstructed and the
energy response of the plastic scintillators is calibrated,
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Fig. 10. Left: y-dependence of the gain coefficients a (open squares) and b (full squares) for the scintillator slab no. 4 from the second hodoscope. The solid

line is plotted only to guide eye. Right: calibrated 207Bi spectra recorded with the complete hodoscope no. 2 sorted according to the path length of the

detected electron.
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single track events are selected from the data stream. Two
additional constraints significantly reduce the background:
(i) The backward extrapolated tracks should not cross
the inactive parts of the set-up, like frames or supports,
which are observed to be substantial background sources.
(ii) Neither the hodoscope nor the wire chamber opposite
to the side which has detected a single track event recorded
signals (veto). The hodoscope veto signals are searched for
in the vicinity of the crossing point of the extrapolated
track on the hodoscope plane. The interval Dz ¼ 140mm
respects the segmentation of the hodoscope in z-direction
(100mm). The events selected with the above conditions
are then subdivided into two groups: (i) ‘‘from-beam’’—the
extrapolated tracks cross the volume occupied by the
neutron beam and (ii) ‘‘outside-of-beam’’—extrapolated
tracks do not cross the neutron beam. Furthermore, the
events are sorted for different track angles (with respect to
the direction of the neutron polarization) which lead to
different electron path length in the detector medium. The
spectra resulting from the subtraction of the ‘‘from-beam’’
and ‘‘outside-of-beam’’ histograms are displayed in Fig. 12.
Since the acceptances for ‘‘from-beam’’ and ‘‘outside-of-
beam’’ events are not identical, before subtracting, the
corresponding spectra were normalized so that they match
at the high-energy end. It is assumed that the shape of
background for ‘‘from-beam’’ and ‘‘outside-of-beam’’
events is identical for the energies above the neutron decay
endpoint. It is expected that the same holds for the lower-
energy region where the direct background measurement is
impossible. Indirect confirmation of this assumption can be
drawn from a comparison of the experimental b-spectrum
with the theoretical prediction. In Fig. 12, the solid lines
correspond to the b-spectrum with instrumental energy
smearing and a low-energy cut due to energy loss included
in the Monte-Carlo simulation. On the high-energy side,
the comparison is very satisfactory: the slope is well
reproduced. The disagreement at the low energy is
attributed to the electronic threshold which was not
included in the simulations. Note that the low-energy slope
is nearly identical for all three path length groups. Because
of the strong position dependence of the signal amplitude
in individual light readout channels, the observed thresh-
olds are rather smooth.
5.4. Beta decay asymmetry

It follows from Eq. (1) that the rate of electrons emitted
at an angle y with respect to the neutron polarization
vector is

NðyÞ / 1þ PA
pe

Ee
cos y (4)
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where P is the neutron polarization and A is the neutron
decay asymmetry parameter. The product of P and A can
be deduced from the rate asymmetry A obtained for the
two neutron polarization states, þP and �P, at angles
different from p=2:

AðyÞ �
Nþ �N�

Nþ þN�
¼ PA

pe

Ee
cos y (5)

where Nþ;N� are the count rates corresponding to the
polarization states þP;�P, respectively. In Eq. (5), the
rates of ‘‘emitted’’ electrons can be replaced by the rates of
‘‘detected’’ electrons eNþ; eN� as the detection efficiency
should not change with flipping of the neutron polariza-
tion. Integrating over energy, the asymmetry calculated
from background corrected electron spectra, collected
separately for the two neutron polarization states, leads
to the average asymmetry which is a linear function of
hcos yi (the experimental average over the arbitrarily
chosen cos y bin):

fA0 � AðyÞ
Ee

pe

� �
¼

Z
dEe

Ee

pe

eNþ � eN�eNþ þ eN� ¼ PA � hcos yi.

(6)
The variation of fA0 is presented in Fig. 13 with a straight
line fit. One should note that the effect of incomplete spin
flipping [13] has been neglected since it has only a small
impact on the result at this early analysis stage.
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The experimental value of the slope parameter can be
interpreted in two ways: one can extract either the neutron
decay asymmetry parameter A, assuming the beam
polarization P is taken from an independent experiment,
or vice versa. If one takes the value of A from Ref. [4]
(An ¼ �0:1173� 0:0013) one obtains the average value of
the neutron polarization within the fiducial volume of the
Mott polarimeter:

Pexp ¼ 0:86� 0:05 (7)

which is consistent with the value of Pavr ¼ 0:89� 0:01
reported in Ref. [13]. This result suggests a convenient way
to monitor the neutron polarization during long runs with
the Mott polarimeter.

6. Extraction of the transverse polarization of electrons

The sensitivity of the Mott scattering to the spin
orientation of the impinging electron is due to the
spin–orbit term in the interaction potential. Since this is a
purely electromagnetic process conserving parity and time
reversal, it can probe the electron spin orientation only in
the direction perpendicular to the scattering plane. The
spin vector ŝ in Eq. (1) should be substituted by

ŝ�!SðEe; dÞ
~pe �~ps

j~pe �~psj
¼ SðEe; dÞn̂ (8)

where ~ps denotes the momentum of the scattered electron,
cos d ¼ ~pe �~ps=j~pejj~psj, n̂ is the unit vector normal to the
scattering plane and S denotes the analyzing power of Mott
scattering [7]. One then obtains:

W / 1þ Pb AĴ � p̂e þ SðEe; dÞ½N 0n̂ � Ĵ þ Rn̂ � ðĴ � p̂eÞ�
� �

(9)

where, for convenience, we have defined b � pe=Ee and
N 0 � N=b.

A key step to extract the transverse polarization
coefficients N 0 and R is to express the geometrical and
kinematical factors of Eq. (9) as functions of the azimuthal
Fig. 14. Reference frame for the analysis of the electron polarization.
angle a defined by the normal m̂ to the neutron decay plane
and by the spin sensing direction n̂ (Fig. 14):

m̂ �
Ĵ � p̂e

jĴ � p̂ej
; n̂ �

p̂e � p̂s

jp̂e � p̂sj
,

cos a � m̂ � n̂; sin a � m̂� n̂. ð10Þ

This results in:

W ðaÞ / 1þ PbðaÞfAFðaÞ þ SðaÞ½N 0GðaÞ þ RHðaÞ�g (11)

where

FðaÞ � Ĵ � p̂e; GðaÞ � n̂ � Ĵ; HðaÞ � n̂ � ðĴ � p̂eÞ. (12)

Now, going from theoretical to experimental rates, one is
forced to integrate over the detector acceptance with a
complicated and unknown detector efficiency function.
However, assuming that this efficiency does not change
when flipping the neutron polarization between þP and
�P, the experimental rate asymmetry reads:

fAðaÞ � eWþ
ðaÞ � eW�

ðaÞeWþ
ðaÞ þ eW�

ðaÞ

¼ PebðaÞfAfFðaÞ þ eSðaÞ½N 0eGðaÞ þ RfHðaÞ�g. ð13Þ

The geometrical and kinematical factors are calculated
with high precision by experimental event-by-event aver-
aging. The transverse polarization coefficients N 0 and R

can then be obtained from the asymmetry modulation,
provided the value of the decay asymmetry parameter A is
taken from an independent source. Fig. 15 shows the
results of Monte-Carlo simulations which include realistic
geometry of the Mott polarimeter and electron polarization
transport in the detectors and in the Pb foil [14].
The systematic uncertainty of the extracted transverse

electron polarization can be significantly reduced when the
detection system reveals an approximate symmetry with
respect to the transformation a!�a. Then, instead of the
ordinary asymmetry fA, one can calculate the so-called
‘‘super ratio’’:

eEðaÞ � erðaÞ � 1erðaÞ þ 1
; erðaÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffieWþ
ðaÞ eW�

ð�aÞeW�
ðaÞ eWþ

ð�aÞ

vuut . (14)

It can be shown that eEðaÞ is related to the transverse
polarization coefficient N 0 by

eEðaÞ ¼ N 0 �
PebðaÞeSðaÞeGðaÞ

1� ½APebðaÞfFðaÞ�2 � N 0 � PebðaÞeSðaÞeGðaÞ. (15)

The advantage of the ‘‘super ratio’’ over the ordinary
asymmetry is that it is significantly less sensitive to
systematic effects related to the decay asymmetry. In the
quantityfA, this effect is proportional to PA � 0:1 while in
the eE it is proportional to ðPAÞ2 � 0:01.
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7. Summary

The apparatus described in this paper was designed
and built to simultaneously measure both components
of the transverse polarization of electrons emitted in
the decay of free polarized neutrons. The cold neutron
beam is transported in pure helium and viewed by
two planar detection systems consisting of low mass
and low Z multiwire proportional chambers and plastic
scintillators. The electron spin analysis is based on
the Mott scattering from Pb nuclei. The achieved analy-
zing power averaged over the acceptance of the polari-
meter reaches 18%. The energy resolution in the
range 200–800 keV varies between 40 and 70 keV. The
apparatus reveals the necessary stability for long mea-
surements. It was installed on the FUNSPIN polarized
cold neutron beam at the Paul Scherrer Institute, Villigen,
Switzerland, and takes data with the aim to measure
the R- and N-coefficients with an accuracy of 0:005 or
better.
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