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Chapter 3

Polarimetry

In this section a brief description of a possible polarization formalism is provided,

followed by an overview of polarimetry techniques and their implementation.

3.1 Particle Polarization Formalism

The spin part of the quantum mechanical state of a particle with spin-1/2 can be

described by a Pauli spinor [65],

χ =

(
a1

a2

)
= a1

(
1
0

)
+ a2

(
0
1

)
(3.1)

with complex amplitudes a1 and a2, where |a1|2 + |a2|2 = 1. The expectation

value of a spin operator A is given by

〈A〉 = 〈χ|A|χ〉 = χ†Aχ (3.2)

The expectation values for the spin three-vector can be obtained using the Pauli

operators

σx =

(
0 1
1 0

)
, σy =

(
0 −i
i 0

)
, and σz =

(
1 0
0 −1

)
. (3.3)

This yields

~S =
~
2

 〈σx〉
〈σy〉
〈σz〉

 =
~
2

 a∗1a2 + a∗2a1

−ia∗1a2 + ia∗2a1

a∗1a1 + a∗2a2

 (3.4)
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3.1 Particle Polarization Formalism

In the description of spin precession, this spin three-vector can be treated as a

classical vector.

For an ensemble of N particles a set of Pauli spinors can be defined,

χ(n) =

(
a

(n)
1

a
(n)
2

)
, (3.5)

where n runs from 1 to N covering all involved particles. Considering the average

spin and not the order of the different spins, a beam of particles can be described

through the density matrix [66]:

ρ =
1

N

 ∑N
n=1

∣∣∣a(n)
1

∣∣∣2 ∑N
n=1 a

(n)
1 a

(n)∗

2∑N
n=1 a

(n)
2 a

(n)∗

1

∑N
n=1

∣∣∣a(n)
2

∣∣∣2
 . (3.6)

This matrix fully describes the magnitude and direction of the expectation of the

spin of the particle beam and can be expanded into a combination of Pauli spin

operators

ρ =
1

2

(
I +

3∑
j=x,y,z

pjσj

)
. (3.7)

The pj coefficients represent the spatial components in the x, y and z directions

of a chosen coordinate system and I is the unit matrix

I =

(
1 0
0 1

)
(3.8)

The vector ~p = (px, py, pz) can be interpreted as a classical vector representing

the polarization of the beam.

Spin-1 particles can be described in analogy with the spin-1/2 ones. Such a

particle can be characterized by a three-component spinor

χ =

 a1

a2

a3

 . (3.9)

The basic angular momentum operators for a spin-1 particle are

Sx =
~√
2

0BB@
0 1 0

1 0 1

0 1 0

1CCA , Sy =
~√
2

0BB@
0 −i 0

i 0 i

0 i 0

1CCA , Sz =

0BB@
1 0 0

0 0 0

0 0 −1

1CCA . (3.10)

28



3.1 Particle Polarization Formalism

These three operators together with the 3×3 identity matrix are not sufficient to

describe the state of a spin-1 particle completely. Five other Hermitian operators

are still necessary [66].

A second-rank tensor can be constructed from nine operator products of the spin

component operators Sx, Sy and Sz.

T =

 Sx

Sy

Sy

( Sx Sy Sy

)
=

 SxSx SxSy SxSz

SySx SySy SySz

SzSx SzSy SzSz

 , (3.11)

In standard Cartesian notation a set of ten operator can be constructed.

I =

 1 0 0
0 1 0
0 0 1

 . (3.12)

Sx;Sy;Sz. (3.13)

Txy = 3SxSy;Txz = 3SxSz;Tyz = 3SySz. (3.14)

Txx = 3SxSx − 2I;Tyy = 3SySy − 2I;Tzz = 3SzSz − 2I. (3.15)

From these ten operators only nine can be independent. Considering the relation

Txx + Tyy + Tzz =

 0 0 0
0 0 0
0 0 0

 , (3.16)

the operators Txx, Tyy and Tzz can be replaced by either of the pairs

Txx − Tyy, Tzz (3.17)

Tyy − Tzz, Txx (3.18)

Tzz − Txx, Tyy (3.19)
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3.2 Polarization in Nuclear Scattering

which results in a complete set of orthogonal operators. These can be used to

expand the density matrix for an ensemble of spin-1 particles as

ρ =
1

3

[
I +

∑
i

piSi +
∑
i,j

pijTij

]
(3.20)

where the pi and pij stand for the polarizations associated with each operator

[67].

Typical polarized beam sources that may be used for the deuteron EDM search

posses axial symmetry [67]. In that case all off-diagonal elements of ρ are zero.

Assuming the z axis as the symmetry axis equation 3.20 can be simplified to

ρ =
1

3

(
I + pzSz +

1

2
pzzTzz

)
. (3.21)

The vector polarization PV and tensor polarization PT are then both fully defined

by the population densities only,

PV = pz =
ρ+ − ρ−

ρ+ + ρ0 + ρ−
(3.22)

PT = pzz =
ρ+ + ρ− − 2ρ0

ρ+ + ρ0 + ρ−
, (3.23)

where ρ+ =
∑∣∣∣a(n)

1

∣∣∣, ρ0 =
∑∣∣∣a(n)

2

∣∣∣ and ρ− =
∑∣∣∣a(n)

3

∣∣∣.
3.2 Polarization in Nuclear Scattering

For spin-1 bosons the magnetic dipole moment and the electric quadrupole mo-

ment are oriented in the direction of the only vector of the system, the spin of

the particle. The spin orientation thus manifests itself in the electromagnetic in-

teractions of this particle with its environment. For example, the hyperfine state

of the atom includes the orientation of the nuclear spin. In the strong interaction

similar phenomena occur. For example, the relative orientation of the proton and

neutron spins plays a crucial role in the description of the ground state of the

deuteron [68].
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3.2 Polarization in Nuclear Scattering

Also in nucleus-nucleus scattering the interaction between the two nuclei depends

in general on their respective spins. The nuclear potential can be expressed as

[69]

V = V0(r)+Vs(r)~s1 · ~s2 +VSL(r)~S · ~L+VT (r)

[
3

r2
(~s1 · ~r)(~s2 · ~r)− ~s1 · ~s2

]
. (3.24)

Each term represents a distinguishable contribution. V0(r) is the central potential,

Vs(r) is the spin-spin interaction,VSL(r) is the spin-orbit coupling and VT (r) is

the tensor part.

Of particular interest is the spin-orbit term, which arises from the interaction

between the total spin of the two nuclei and the angular momentum arising from

their relative motion. For a target nucleus with spin-0, the contribution of this

term is completely determined by the spin of the incoming nucleus. Furthermore,

the spin-spin and tensor terms vanish.

If the polarization of the particles in the final state is not measured, all con-

figurations with the same total angular momentum in the initial and final state

contribute to the reaction amplitude because of angular momentum conservation.

In that way the spin in the initial state couples to the orbital angular momentum

in the final state. The manifestation of the latter in the scattering cross section

can be used to extract the polarization of the incoming particle.

The scattering of a polarized beam is commonly analyzed using the nomenclature

defined in the Madison convention [67] (shown in figure 3.1). A Cartesian

coordinate system is assumed in which the z-axis points along the incident beam

momentum ~pin. The y-axis y points along ~pin × ~pout, where ~pout stands for the

scattered particle momentum. The x-axis x is defined in such a way to obtain a

right-handed system. The unit vectors associated with the x, y and z axis are

x̂, ŷ and ẑ, respectively. The unit vector pointing along the spin quantization

axis is ŝ. Its direction is defined through the angles β and φ. The angle β is

enclosed between the quantization axis and the beam direction and is derived

from cos β = ẑ · ŝ. The angle φ spans between the projection of the quantization

axis in the x − y plane and the y axis. The orientation of φ is essential in the

definition of the Madison convention and is defined between the scattering plane

and the spin quantization plane.
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3.2 Polarization in Nuclear Scattering

Figure 3.1: Coordinate planes for the deuteron on carbon scattering interaction.

The black plane (ground plane) contains the incoming beam ~pin. The red plane

(scattering plane) contains the incoming and outgoing beams ~pin and ~pout . The

blue plane (spin quantization plane) contains the spin quantization axis ~s . The

angle θ is defined as the angle between the scattering plane and the ground plane.

The angle β is defined as the angle between the spin quantization axis and the

ground plane. The angle φ is defined as the angle between the spin quantization

plane and the scattering plane.

.

In this coordinate system, the differential cross section dσ
dΩ

for detecting a sin-

gle particle at angle θ and ϕ when scattering a polarized spin-1 particle off an

unpolarized target can be written as

dσ

dΩ
(θ, φ) =

dσ

dΩunp
(θ)

[
1 +

3

2
pyAy(θ)

+
2

3
pxzAxz(θ) +

1

3
pxxAxx(θ) +

1

3
pyyAyy(θ) +

1

3
pzzAzz(θ)

]
. (3.25)

The various pij coefficients with i, j = x, y, z stand for the different polarization

components of the incident beam and contain the ϕ dependence. The Aij co-

efficients with i, j = x, y, z represent the associated reaction analyzing powers.

These analyzing powers measure the sensitivity of the system to the occurrence
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3.2 Polarization in Nuclear Scattering

of a certain reaction. The double lower indexing means a tensor component in

opposition to the single index for a vector component. This parameterization

holds for either elastic or quasi-elastic scattering to discrete states or inclusive

reactions in which the energy of the reaction product is not measured.

Note that the reaction is only sensitive to the vector polarization component per-

pendicular to the scattering plane defined by ~pin and ~pout. This is a consequence

of parity conservation in the strong and electromagnetic interaction. For the same

reason, there is only sensitivity to pxx, pyy, pzz and pxz.

The differential cross section can also be written in spherical coordinates as

dσ

dΩ
(θ, φ) =

dσ

dΩunp
(θ) [1 + 2 it11 iT11(θ) + t20 T20(θ) + 2 t21 T21(θ) + 2 t22 T22(θ)]

(3.26)

where the Tkq(θ) are the analyzing powers of rank k (k = 1 is vector, k = 2 is

tensor) and the tkq are the corresponding beam polarizations.

In the (Carthesian) reference frame of the source the beam usually has only non-

zero pV and pT , meaning a vector and tensor polarization along some axis. The

orientation of this axis with respect to the reaction plane is defined by β and φ.

The corresponding spherical polarizations are then given by

it11 =
√

3
2
pV sin β sin(φ), t21 = −

√
3
2
pT sin β cos β cos(φ),

t20 = 1
2
√

2
pT (3 cos2 β − 1), t22 =

√
3

4
pT sin2 β cos 2(φ).

(3.27)

with pz and pzz the vector and tensor polarizations as defined in equations 3.22

and 3.23.

For a purely vector polarized beam (pT = 0) the cross section exhibits a maximum

or minimum for φ = ±90◦. The difference between this maximum and minimum

reaches its maximum for β = 90◦, i.e, when the polarization is perpendicular to

the reaction plane. In a similar way the tensor polarization reflects primarily the

azimuthal dependence of the cross section. If the analyzing powers are known it

is possible to reconstruct the beam polarization.

Based on this elementary description various polarimeters that have been devel-

oped in the past are described briefly in the remainder of this chapter.
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3.3 Nuclear Scattering Polarimeter

3.3 Nuclear Scattering Polarimeter

The cross section and analyzing power given in equations. 3.25 and 3.26 determine

the sensitivity with which the beam polarization can be measured. Both depend

on the species and energy of the incoming beam and the type of nuclei in the

scattering target. For a given beam, the target can be chosen to optimize the

sensitivity.

For example, nuclear rainbow scattering exhibits a large spin dependence in large

angle scattering for protons and deuterons scattered off medium sized nuclei,

due to the combination of the size of the nucleus, the de Broglie wavelength of

the incoming particles and angular momentum conservation [70]. As a second

example, the interference between electromagnetic and nuclear scattering, also

produces sizable analyzing powers [71].

Various polarimeter setups have been used in the past to determine vector and

tensor polarizations, of which three are described: the POMME polarimeter at

Saturne National Laboratory, from which the concept for the proposed dEDM

polarimeter is derived, the IBP polarimeter and the EDDA polarimeter which

were employed in the measurements performed at KVI and at COSY in the

course of the dEDM polarimeter development.

3.3.1 POMME Polarimeter at Saturne

The POMME polarimeter is a proton and deuteron polarimeter at Saturne[64, 72]

that has been calibrated for deuteron energies between 150 and 700 MeV. It is

based on the inclusive reaction d + C → one charged particle + X on a thick

carbon target. POMME has been designed as a compact, movable, independent

detection system placed at the end of a beamline.

The geometry of the polarimeter is shown in figure 3.2. The position sensitive

multiwire proportional chambers C1, C2, C3 and C4, C5, C6 enables the tra-

jectory reconstruction of the particles upstream and downstream of the carbon

target, from which the scattering angle and vertex can be reconstructed. The

redundancy of the localization of each track provides a good control of the align-

ment. Misalignment is the main source for systematic errors, which are thus also

well controlled. The performance of the polarimeter is optimized by selecting
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3.3 Nuclear Scattering Polarimeter

Figure 3.2: Schematic view of the POMME polarimeter at Saturne [64]. The

arrow represent the beam direction. The detector is composed of several position

sensitive multiwire proportional chambers C1, C2, C3 and C4, C5, C6 that make

possible the reconstruction of the trajectory of the particles. To select high energy

particles it possesses an iron absorber labelled Fe just upstream of the scintillator

detectors P1, P2 and Q that trigger the system.

high energy particles. This is accomplished by requiring a hit in the scintillator

detectors P1 and P2 placed just upstream of the target and Q just behind an iron

absorber labeled Fe.

The target thickness is chosen to improve the efficiency. The probability for

a nuclear scattering reaction to occur is (to first order) proportional to that

thickness. The scattering target is therefore rather thick and consists of layers

1.2 or 2.4 cm thick carbon slabs with a density of 1.7 g/cm3. Depending on

the beam energy these layers can be assembled together to obtain a particular

thickness up to a maximum of 15 cm.

The incoming particles loose energy in the target. Furthermore, several reactions

contribute to the production of charged particles. As a consequence, the rate dis-

tribution of these particles is determined by a combination of several cross sections

and analyzing powers. Note that also multiple Coulomb scattering (MCS) will
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3.3 Nuclear Scattering Polarimeter

contribute. MCS is strongly forward peaked and has little sensitivity to the spin

of the incoming particle leading to modest deterioration of the angular resolution

of the detector.

The number of particles detected at (θ, φ) is given by

N(θ, φ) = C
dσ

dΩ
(θ)D(θ, φ)

(
1 +

√
2pziT11(θ) cos(φ)

−1

2
pzzT20(θ)−

√
3

2
pzzT22(θ) cos 2φ

)
, (3.28)

where C is a constant, dσ
dΩ

the cross section for unpolarized beam, D(θ, φ) is the

detection efficiency, p is the beam polarization and Tij represents the different

analyzing powers in spherical coordinates. At Saturne, the polarization axis was

always vertical, meaning β = 90◦. These parameters can be determined using

several known polarization states. For an angular range of 4.5◦ < θ < 22.5◦ the

polarimeter efficiency was found to be 4− 10% for an average analyzing power of

0.2-0.3 for different energies. This value for efficiency is larger than the typical

10−6 level obtained for typical polarimeters found in storage rings.

POMME constitutes at this moment the polarimeter type closest to the one being

developed for the search of a deuteron EDM on a storage ring, a highly efficient

counting polarimeter with extremely good systematic error control and wide angle

coverage.

3.3.2 In-Beam Polarimeter at KVI

The main goal of the In-Beam Polarimeter (IBP) [73] is to provide a fast on-

line determination of the beam polarization. Its operation is based on elastic

scattering of polarized protons or deuterons from a thin proton target. The use

of a thin target (100mg/cm2) enables the operation the polarimeter in parallel

to downstream scattering experiments. The IBP is located upstream of the two

main beam lines where experiments with polarized particles are generally carried

out (see Figure 3.3).

36



3.3 Nuclear Scattering Polarimeter

Figure 3.3: The KVI facilities fed by beams of the AGOR cyclotron (bending

limit of 600 MeV). The In-Beam Polarimeter is located in the main beamline in

the center of the experimental hall.
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3.3 Nuclear Scattering Polarimeter

Figure 3.4: Photograph (left) and scheme (right) of the IBP detector at KVI. In

both representations the detector arms supporting photomultipliers are visible.

On the scheme on the right side, the target area of the detector is shown.
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3.3 Nuclear Scattering Polarimeter

Eight different targets can be mounted on a wheel. The target wheel can be ro-

tated by a stepping motor with a step-size of 0.0243 degrees. Given the dimension

of the target wheel, one step corresponds to about 0.03 mm target movement. The

target wheel is placed in a conical vacuum chamber with thin exit windows. De-

tectors are mounted outside these windows. Usually two detectors are positioned

on each of eight arms resulting in a total of 16 detectors (see Figure 3.4). This

enables the measurement of kinematic coincidences in four independent planes,

45 degrees apart in azimuthal angle. The spin axis is perpendicular to the beam

line. The available range in polar angle is 15 to 90 degrees in each arc. The solid

angle covered by each detector is approximately 7 msr.

The detectors are phoswich constructions in order to facilitate particle identifica-

tion. They consist of two plastic scintillator layers: a thin NE102A3 scintillator

with a fast decay constant of 2.4 ns combined with a thicker NE115 scintillator

with a slow decay constant of 320 ns [73]. The total thickness of the detectors is

sufficient to stop 190 MeV protons scattering at 18 degrees. Although the targets

are very thin, they still perturb the passing beam via multiple Coulomb scatter-

ing (MCS). In high precision experiments conducted downstream of the IBP this

effect was noticed [74].

3.3.3 EDDA detector at COSY

The EDDA detector is a multi-purpose detector located at the COSY storage ring

of the Forschungszentrum Jülich. An overview of the COSY facility is depicted

in figure 3.5.

This detector was originally designed for high precision measurements of proton-

proton elastic scattering excitation functions ranging from 0.5 to 2.5 GeV in

excitation energy. Today, EDDA is used as a polarimeter during accelerator

setup [75] and for dedicated spin manipulation measurements [76]. The EDDA

detector comprises (from the inside outwards) three distinct layers: a fiber array,

a layer of scintillator bar detectors and a layer of scintillator ring detectors. A

figure and a schematic view of the detector are shown in figure 3.6.
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3.3 Nuclear Scattering Polarimeter

Figure 3.5: The COSY accelerator facility, with the location of various experi-

ments and setups indicated. The EDDA detector is located in the second half of

the bottom straight section [77].
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3.3 Nuclear Scattering Polarimeter

Figure 3.6: Photograph (left) and scheme (right) of the EDDA detector at COSY.

The PMT scintillator detectors are visible in the photograph. The scheme on the

right shows the three different layers that compose the detector: a fiber array,

scintillator bar detectors and scintillator ring detectors.
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3.4 Implications for a dEDM Polarimeter

Using EDDA as a polarimeter involves producing a reaction in its target with a

known analyzing power. From the count rates in the scintillators the polarization

can then be reconstructed. The EDDA target system consists of a carousel where

six targets can be mounted and chosen from. For polarimetry, a thin carbon fiber

with a thickness of a few µm is usually used. This fiber is rapidly inserted into

the circulating beam. Because of the small geometrical cross section, a circulat-

ing beam can pass the detector many times without hitting the fiber. When it

eventually hits it, the particle will scatters and be lost from the acceptance of the

ring. As a consequence, the beam is extinguished in a few ms. Only very rarely

a particle undergoes large angle nuclear scattering useful for polarimetry. The

efficiency for this process is of the order of 10−6.

3.4 Implications for a dEDM Polarimeter

From a survey of existing polarimeters and the physics processes involved it was

concluded that a sensitive deuteron polarimeter for the dEDM experiment must

be based on nuclear scattering. Existing polarimeters generally have a very low

efficiency. Specially the ones used in storage rings measurements because very

thin and small targets must be used. Single pass polarimeters occasionally display

high efficiency due to the use of thick targets. These have the disadvantage of

performing single-shot type measurements rather than a continuous monitoring,

necessary for the dEDM experiment.

Continuous polarimetry of a stored beam is possible by slowly extracting the

beam into a polarization analyzing detector. The extracted particles are lost from

the experiment and can only be used to determine the beam polarization. The

efficiency of the analyzer thus determines the overall efficiency of the system and

should hence be as large as possible. High efficiency, meaning a high probability

for nuclear scattering, can be obtained through the use of a thick target. The

geometry of the setup used to measure the reaction products determines which

part of the reaction space phase is probed and can be used to great effect in

optimizing the efficiency.
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