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Chapter 5

Polarimeter Sensitivity

There are three quantities of importance for the optimization of a polarimeter.

1. The efficiency η of the polarimeter is defined as the ratio between the num-

ber of particles used for the analysis and the total number of particles in

the experiment.

2. The effective analyzing powers that must be known with sufficient accuracy

to obtain the absolute polarization and that must be large enough to reduce

sensitivity to systematic effects.

3. The figure-of-merit FOM that establishes the statistical precision with which

the polarization can be measured.

In this chapter the optimization of the statistical sensitivity and the efficiency

is discussed. The sensitivity to systematic uncertainties is discussed in the next

chapter.

5.1 Signal Definition

The elastic scattering cross section for a polarized spin-1 particle such as the

deuteron of an unpolarized target was introduced as (see equation 3.25 and figure
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5.1 Signal Definition
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where pV and pT stand, respectively, for the vector and tensor polarizations and

iT11 and T2m the corresponding analyzing powers. dσunp/dΩ represents the cross

section for unpolarized scattering.

We assume a purely vector polarized (pT = 0) incoming beam with I particles

per second impinging on a thin target with thickness ρ nuclei per unit area. The

resulting counting rate N (i) of a detector element i with solid angle Ω(i) is given

by
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The variables N
(i)
0 and A

(i)
0 are defined as

N
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)
sin θdθdφ (5.4)

Different analysis techniques have been employed to extract polarizations and

their associated analyzing powers from the measured rates. This includes taking

linear asymmetries, the cross ratio methods, fitting harmonics and the method

of moments . These methods mainly differ in their robustness against system-

atic effects. In this section we only consider the most frequently applied linear

asymmetry method because the statistical powers of these methods are all similar.

In the dEDM experiment a beam of longitudinally vector polarized deuterons will

be injected into the storage ring. For such a beam β = 0, pT = 0 and |pV | is as

large as possible. A non-zero EDM leads to the precession of the spin out of the

plane of the storage ring and a slow growth of β (see Chapter 2).
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5.1 Signal Definition

The rates for two similar detectors at identical scattering angle θ but centered

at φ = −π/2 and φ = π/2, i.e. left and right of the beam at the x̂-axis, will be

affected in a different way. The detector centered at φ = π/2 has sinφ ' 1, so

that

N
(
φ =

π

2

)
= N0

[
1 +

√
3pV sin βA0

]
, (5.5)

whereas the detector at φ = −π/2 has sinφ ' −1, and thus

N
(
φ = −π

2

)
= N0

[
1−

√
3pV sin βA0

]
. (5.6)

The relative asymmetry A in these two rates is a measure of pVA0 and of pV for

the case when A0 is known,

A ≡
N(π

2
)−N(−π

2
)

N(π
2
) +N(−π

2
)

=
√

3pVA0 sin β. (5.7)

The scattering frame and the laboratory frame do not necessarily coincide. Usu-

ally the z-axes, defined by the incoming beam, are aligned. The orientation of

the spin, which defines the y axis in the scattering frame, then defines a rotation

about the z-axis of the scattering plane with respect to the laboratory frame. The

azimuthal angle φ of a detector in the laboratory frame is then shifted by ∆φ

compared to the corresponding angle in the scattering plane. ∆φ is the enclosed

angle between the spin plane and the laboratory y − z plane.

The rate asymmetry ALR of a pair of detectors placed at φ = π (right) and

φ = 0 (left) in the laboratory frame is sensitive to the vertical component (in the

laboratory frame) of the vector polarization and its associated analyzing power.

ALR ≡
L−R

L+R
= pVA0 sin β cos ∆φ ≡ py

V A0 → py
V =

ALR

A0

. (5.8)

Here L (R) represents the rate in the left (right) detector. The size of py
V will

uniformly increase during one store due to the interaction of the EDM with the

motional electric field. The growth rate is proportional to the EDM.

Similarly the relative ratio ADU of the counting rates in a detector pair placed

above and below the beam (φ = −π/2) and φ = π/2) is sensitive to the horizontal

polarization component,

ADU ≡
D − U

D + U
=
√

3pVA0 sin β sin ∆φ ≡ px
V A0 → px

V =
ADU

A0

, (5.9)
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where D and U stand of the rates in the ”down” and ”up” detector, respectively.

Expressions 5.8 and 5.9 describe the y and x component of the vector polarization,

based on empirical facts.

5.2 Efficiency and Figure-of-merit

The efficiency of a detector element is defined as the ratio between the number

of scattered particles used for polarimetry and the number of particle stored in

the experiment. For a single detector element the efficiency can be calculated as

η(i) =
N

(i)
0

I
= ρ

∫
Ω(i)

(
dσ

dΩunp

)
dΩ. (5.10)

The efficiency of a detector composed of many elements is then defined as the

sum over all individual efficiencies,

η =
∑

i∈elements

η(i) = ρ

∫
Ωtotal

(
dσ

dΩunp

)
dΩ (5.11)

where Ωtotal =
∑

i∈elements Ω(i). The efficiency is not sufficient to optimize the per-

formance of a polarimeter because not all detector elements have equal sensitivity

to the polarization.

The uncertainty in the counting asymmetry is given by

σ2
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= 4
L2σ2

R +R2σ2
L

(L+R)4
= 4

LR

(L+R)3
(5.12)

Using the rates defined above, this can be written as
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= 4
N2

0 [1− 3(py
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8N3
0

' 1

2N0

. (5.13)

This holds for small values of the second term in the numerator as will happen

in the dEDM experiment. The uncertainty on py
V then becomes

σ2
py

V
=
σ2

ALR

A2
0

=
1

2N0A2
0

(5.14)

The denominator is referred to as the figure-of-merit. It depends on both the

scattering cross section and the detector acceptance.
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5.3 Black Box Detector

The detector acceptance is chosen to provide a good statistical basis for the

polarization measurement. When choosing the best angular range a balance

between the large cross sections at small angles and the large analyzing powers

at larger angles must be found. It then becomes a trade-off between higher

counting rate and sensitivity to the vector polarization pV .

5.3 Black Box Detector

So far only elastic scattering from a thin target has been considered. As mentioned

in the previous chapter, the closest to ideal polarimeter is one that behaves as a

black box, integrating and averaging over some of the possible observables and

being inclusive concerning different reaction processes and particle species. The

polarimeter concept discussed in chapter 3 is only sensitive to the impact position

of charged particles. Hence all reactions with charged particles in the final states

should be considered. In the energy range for the dEDM experiment the most

important ones are

• Elastic deuteron scattering: d+ nucleus → d+ nucleus

• Inelastic deuteron scattering to discrete states: d+ nucleus → d+ nucleus∗

• Inelastic deuteron scattering to continuum states: d+nucleus → d+debris

• Deuteron breakup: d+ nucleus → p+ n+ nucleus.

Not all these reactions are equality suitable for polarimetry. In our configuration

the energy and angular acceptance can be used to optimize the figure-of-merit.

The dependence of the cross sections and analyzing powers on the energy of the

incoming deuteron must be taken into account as well. When using a thick target

the deuteron energy gradually decreases. In this case the detector rate cannot be

calculated as the product between the beam rate and the target thickness.

The inclusive expression for the differential cross section Σ(θ, φ) for detecting a

single particle in deuteron scattering is given by

Σ(θ, φ) ≡
∑

s∈ species


E

(s)
out,max∫

E
(s)
out,min

1

d

d∫
x=0

d2σ(s)

dΩdE
(s)
out

(θ, φ;Ein(x)) dx

 . (5.15)
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Here Ein(x) is the energy of the deuteron when it scatters. The depth into

the target at which the scattering takes place is given by x. The maximum

depth is the target thickness given by d. The energy of the outgoing particle

is denoted by E
(s)
out. The minimum and maximum detectable energy for a given

species are E
(s)
out,min and E

(s)
out,max. For inelastic channels double-differential cross

sections d2σ(s)/dΩdEout must be employed to account for the energy lost to the

undetected final state. For the elastic channel or for a fixed energy Eout the

energy dependence reduces to a delta-function.

After summing over all the possible physical species and integrating over the

particle acceptances, the general expression for the effective cross section is still

of the form,

Σ(θ, φ) = σ̂unp(θ)
[
1 + 2 it11 iT̂11(θ) + t20 T̂20(θ) + 2 t21 T̂21(θ) + 2 t22 T̂22(θ)

]
.

(5.16)

Here the ˆ is used to indicate that the cross section and analyzing powers are

integrated and averaged quantities. They can be used directly to obtain the

efficiency or figure-of-merit as defined above.

5.4 Choice of Target Material

The complexity of equation. 5.15 prohibits straightforward selection of a suitable

target nucleus and thickness. Moreover not all cross sections and analyzing powers

are known. For the selection of a suitable target material we limited ourselves to

the elastic channel.

Comparing elastic scattering for different elements, the most prominent sensitivity

to polarization is found for nuclei with atomic number A < 50 and center-of-

mass scattering angles θCM larger than about 50◦ [91]. Large analyzing powers

(A > 1
2
) were observed for scattering angles above θCM > 90◦. In figure 5.1 the

cross sections and analyzing powers are shown for various target nuclei for an

incoming deuteron energy of 56MeV.
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5.4 Choice of Target Material

Figure 5.1: Differential cross section σ relative to the Rutherford cross section

σR (left), vector analyzing power Ay (center) and tensor (right) analyzing power

Ayy for a variety of target species as a function of the center-of-mass scattering

angle for 56 MeV deuterons. The solid and dashed curves represent optical model

calculations [91]. Counting rates, vector analyzing powers and figures-of-merit for

center-of-mass scattering angles for the data represented here are listed in table

5.1.
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5.4 Choice of Target Material

Table 5.1: Counting rate, vector analyzing power and figure-of-merit for center-

of-mass scattering angles of 60 and 90 degrees for the data shown in figure 5.1.

The rate was calculated multiplying the cross section ratio σ/σR by Z2/sin4(θ/2)

to account for the target and angle dependence in the Rutherford cross section

and sin θ to account for the phase space integration.

element Z σ
σR
Z2/sin4(θ/2) Ay FOM σ

σR
Z2/sin4(θ/2) Ay FOM

θCM = 60◦ θCM = 90◦

12C 6 1.1× 10+4 0.41 1.9× 10+3 6.9× 10+2 0.87 5.2× 10+2

16O 8 7.9× 10+3 0.30 7.2× 10+2 4.7× 10+2 0.82 3.2× 10+2

40Ca 20 7.5× 10+3 0.23 3.9× 10+2 6.6× 10+2 0.67 2.9× 10+2

58Ni 28 9.1× 10+3 0.08 6.5× 10+1 7.2× 10+2 0.70 3.6× 10+2

90Zr 40 5.3× 10+3 −0.03 4.2× 10+0 7.0× 10+2 0.41 1.2× 10+2

118Sn 50 3.1× 10+3 −0.56 9.5× 10+2 4.7× 10+2 0.15 1.1× 10+1

144Sm 62 1.4× 10+3 0.08 8.6× 10+0 6.3× 10+2 0.04 7.8× 10−1

208Pb 82 1.2× 10+3 −0.73 6.3× 10+2 2.3× 10+2 0.19 8.4× 10+0

For heavy nuclei (A > 40), the analyzing power varies rapidly with scattering

angle, as shown in figure 5.1. Over the extended angular acceptance foreseen for

the dEDM polarimeter the average analyzing power would be reduced leading to a

lower sensitivity. These rapid variations are further washed out by the deuteron

energy spread caused by the use of a thick target. For medium-weight nuclei

A ∼ 10 − 40, the variations with scattering angle are significantly smaller. At

larger scattering angles the analyzing powers approach their theoretical maxima.

An advantage for the lower A nuclei is the angular dependence of the cross sec-

tion. For smaller A the cross section is larger at larger angles, where the vector

analyzing power is also larger. The figure of merit will thus be better (see fig-

ure 5.1). From these observations it was concluded that a light target (A < 10)

would be the most suitable one.

Besides an optimal figure-of-merit, also construction requirements need to be

taken into account (see chapter 3). This includes mechanical stability, machin-

ability, electrical conductivity and vacuum compatibility. Of the different mate-
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5.5 Deuteron Induced Scattering Database

rials graphite (carbon) meets most of the requirements. The cross section and

analyzing powers for scattering polarized deuterons of carbon are also favorable.

It is thus concluded that carbon is the best suited material for the analyzer target.

5.5 Deuteron Induced Scattering Database

Further optimization of the polarimeter requires a description of the scattering

cross sections and analyzing powers contained in equation. 5.15. An important

part of the development of the deuteron EDM polarimeter is the construction of

data-driven models.

5.5.1 Elastic Scattering

Several polarized elastic deuteron scattering experiments have been performed in

the energy range of operation of the deuteron EDM polarimeter (250 MeV and

below). Table 5.2 lists the available data sets.

Table 5.2: Beam energy and covered scattering angle range for deuteron on carbon

elastic scattering available in literature.

Kinetic energy θ[◦] Reference

45 MeV 31 - 68 Osaka [92]

49 MeV 34 - 68 Osaka [92]

56 MeV 26 - 75 Osaka [92]

65 MeV 34 - 72 Osaka [92]

70 MeV 34 - 73 Osaka [92]

80 MeV 24 - 64 KVI [93]

110 MeV 15 - 58 KVI [93]

133 MeV 15 - 40 KVI [93]

200 MeV 4 - 30 Osaka [94]

270 MeV 4 - 37 RIKEN [95]

In figure 5.2 the cross sections are shown as a function of scattering angle. The

corresponding vector analyzing powers are shown in figure 5.3. The data sets
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5.5 Deuteron Induced Scattering Database

at 80, 110 and 133 MeV were collected at KVI using the In-Beam Polarimeter

(IBP),[73] and Big Bite Spectrometer BBS [96] detectors. The BBS setup is

described extensively elsewhere[96]. The experimental setup used with the IBP

is described in the next chapter.

Figure 5.2: Available cross section data for deuteron on carbon scattering as a

function of laboratory scattering angle.
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Figure 5.3: Available analyzing power data for deuteron on carbon scattering as

a function of laboratory scattering angle .
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5.5 Deuteron Induced Scattering Database

5.5.2 Inelastic Scattering and Deuteron Breakup

In the literature very little data is available for deuteron induced in-elastic scat-

tering and transfer and pick-up reactions. Only a single data set was found for

proton production on carbon for a beam energy of 100MeV [97].

To fill the gap between 80 and 200MeV, experiments have been carried out at

KVI-Groningen using the local In-Beam Polarimeter (IBP) [73]. The cross sec-

tions and analyzing powers for deuteron on carbon scattering were measured for

an incoming deuteron energy of 76, 113 and 133MeV. Scattered particles were

measured across a broad energy and angle range through the use of a pair of ∆E-

E telescopes (consisting of an assembly of scintillator plus NaI) in conjunction

with the IBP. The ∆E-E telescopes were placed in the horizontal plane on the

left and right sides of the IBP. They replace the usual phoswich detectors, which

were not thick enough to stop the highest energy protons.

Figure 5.4: Particle identification through E-∆E with xyz identification. The

different bands correspond to protons (p), deuterons (d) and tritons (t). The

most intense feature is the deuteron elastic scattering. The plot represents data

taken at 113 MeV and a scattering angle of 27 degrees.

The telescopes were moved to scattering angles between 18◦ and 68◦. They were

placed symmetrically for the measurements of the vector analyzing power through
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5.5 Deuteron Induced Scattering Database

a left-right asymmetry. A carbon target with a thickness of 10mg/cm2 was used.

The polarization of the beam was obtained independently from elastic deuteron-

proton scattering using a CH2 target. For this the IBP 45 degrees detector arms

were used.

The use of a 5 mm thick scintillator in front of the NaI crystal made it possible to

distinguish deuterons from protons and other charged particles in the final state

(see figure 5.4).

Figure 5.5: Angular distributions of the analyzing power, cross section and figure-

of-merit for deuteron elastic scattering from carbon at 76 and 113MeV.
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5.5 Deuteron Induced Scattering Database

From the energy deposit in the NaI the particle energy was reconstructed. In

figure 5.5 the angular distribution of the cross section, vector analyzing power

and figure of merit is shown for deuteron beam energies of 76 and 113 MeV. The

cross section was integrated over 5 MeV bins in excitation energy Ex. The energy

resolution of the NaI was sufficient to distinguish elastic scattering from inelastic

scattering to the two lowest lying excited states in 12C at 4.44 and 10 MeV.

The measurement was also extended into the continuum range. In figure 5.6 a

selection of the results is shown. Not only the elastic channel has a significant

analyzing power and cross section, but also the inelastic ones to discrete channels.

The continuum cross sections are integrated over 5 MeV wide energy bins.

Figure 5.6: Analyzing power Ay, differential cross section dσ
dΩ

and figure-of-merit

FOM for deuteron on carbon scattering at 133 MeV for a scattering angle of 33◦.

Together with the deuterons the most prominent other detected particles are

protons. Most originate from proton breakup although also discrete states in
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5.5 Deuteron Induced Scattering Database

13C can be discerned. The same procedure as mentioned in terms of excitation

energies was applied to the protons. The results are shown in figure 5.7.

The large peak in the cross section originates from deuteron breakup. Deuteron

breakup tends to suppress spin dependence as evidenced by the small analyzing

powers. It is thus important to make sure that these protons do not fall within

the acceptance of the polarimeter. This issue will be addressed at a later stage

in this chapter.

Figure 5.7: Analyzing power Ay, differential cross section dσ
dΩ

and figure-of-merit

FOM for breakup protons from deuteron on carbon scattering at 133MeV for

a scattering angle of 33◦. The cross section was integrated over 5 MeV bins in

excitation energy Ex.
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5.6 Phenomenological Model

For quantitatively meaningful studies of the figure-of-merit and systematic effects

it is important to reproduce all dominant features in the cross section and ana-

lyzing powers (see section 1.2). This includes the diffraction pattern visible in the

angular dependence of the cross section. This pattern is present at all energies.

At higher energies it is more compressed towards small scattering angles, whereas

it is more stretched at lower energies. This energy dependence complicates the

parametrization. A large part of the energy dependence can be eliminated by

plotting the cross section as a function of momentum transfer calculated as

q = |~pin − ~pout|, (5.17)

where ~pin and ~pout represent the incoming and outgoing momentum of the deuteron.

At all energies a similar pattern is present despite some being more compressed

than others (see figure 5.8).

Using this data a smooth 2D cubic spline interpolation was implemented in Geant

[98]. In this procedure all the data points are reproduced. Interpolation between

them is done with a set of third order polynomials. Near the edge of the data

set statistical fluctuations in the data propagate into the splines and lead to

instable behavior. Hence splines cannot be used to extrapolate beyond the range

of angles and energies covered by the data. In addition this parametrization has

discontinuous higher derivatives which become visible in detailed studies. These

two drawbacks make the spline interpolation less suitable for our purpose.

A more robust phenomenological model was built. It aims to use smooth analyti-

cal functions to describe the dependence of the cross section and analyzing power

on the momentum transfer and incoming deuteron energy. This approach guaran-

tees that the data are well reproduced, that there are no discontinuous derivatives

and that the cross section and analyzing power can be extrapolated further than

in the spline-based model. The three dominant reactions were implemented

1. elastic scattering

2. inelastic scattering

3. proton production
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5.6 Phenomenological Model

Figure 5.8: Differential cross sections for deuteron on carbon scattering for sev-

eral energies plotted as a function of momentum transfer. The different symbols

represent different deuteron incoming energy. Full circles: 270 MeV, empty cir-

cles: 133 MeV, full squares: 113 MeV, empty squares: 80 MeV, full up triangles:

76 MeV, empty triangles: 65 MeV, full down triangles: 56 MeV, full stars: 49

MeV and empty stars: 45 MeV.

5.6.1 Elastic Scattering

The analytical function describing the differential cross section is a function of

the momentum transfer and deuteron incoming energy,

dσ

dΩ
(q, E). (5.18)

The dependence on momentum transfer is implemented as a fifth order poly-

nomial, of which the coefficients are second order polynomials as a function of

lnE.
dσ

dΩ
(q, E) = a0 + a1q + a2q

2 + a3q
3 + a4q

4 + a5q
5+
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5.6 Phenomenological Model

+ ln(E)
[
b0 + b1q + b2q

2 + b3q
3 + b4q

4 + b5q
5
]
+ (5.19)

+ (ln(E))2
[
c0 + c1q + c2q

2 + c3q
3 + c4q

4 + c5q
5
]
. (5.20)

Table 5.3: Values for the 18 free parameters of the phenomenological elastic

scattering model for the differential cross section of deuteron on carbon scattering

obtained by minimizing the least squared difference.

Parameter Value Unit

a0 5.14×101 Constant

a1 -2.42×10−2 MeV−1

a2 -5.93×10−4 MeV−2

a3 -1.40×10−6 MeV−3

a4 2.04×10−9 MeV−4

a5 3.41×10−15 MeV−5

b0 -4.26×10−1 Constant

b1 -1.09×101 MeV−1

b2 5.45 MeV−2

b3 -1.34×101 MeV−3

b4 -2.11×101 MeV−4

b5 1.04×104 MeV−5

c0 4.97×10−2 Constant

c1 1.97 MeV−1

c2 -1.05 MeV−2

c3 2.51 MeV−3

c4 4.01 MeV−4

c5 -2.02×103 MeV−5
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5.6 Phenomenological Model

Optimal values for the parameters are shown in table 5.3 and were found by

through least squared difference minimization. Figure 5.9 shows the predictions

together with the data available for some of the energies.

Figure 5.9: Comparison of the phenomenological model of the elastic differential

cross section for deuteron on carbon scattering and the experimental data for

different energies. The model results are represented by the solid lines and the

data by the dots. The data is plotted without error bars. For each consecutive

energy, the plots were reduced vertically by multiples of the energy . The energies

plotted are 45, 49, 56, 65, 76, 113, 133, 200 and 270 MeV from the bottom to

the top of the picture.

73



5.6 Phenomenological Model

Figure 5.10: Comparison of the phenomenological model of the analyzing power

for deuteron on carbon elastic scattering and the experimental data for different

energies. The model results are represented by the solid lines and the data by

the dots. For each consecutive energy, the plots were raised by multiples of the

incoming energy. The energies plotted are 45, 49, 56, 65, 76, 113, 133, and 270

MeV from the bottom to the top of the picture.
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5.6 Phenomenological Model

Table 5.4: Values for the d coefficients used to parameterize the deuteron on

carbon elastic scattering analyzing power in the phenomenological model (see

equation 5.22).

d coefficient Parameter Value Unit

d1 k0 1.16 Constant

d1 k1 7.12 ×10−3 MeV−1

d1 k2 1.35×10−4 MeV−2

d1 k3 -5.54×10−7 MeV−3

d2 k0 16.1 Constant

d2 k1 -2.51×10−1 MeV−1

d2 k2 8.70×10−4 MeV−2

d3 k0 6.83 Constant

d3 k1 5.12×10−1 MeV−1

d3 k2 6.49×10−4 MeV−2

d3 k3 -4.76×10−6 MeV−3

d4 k0 9.45×10−1 Constant

d4 k1 8.29×10−4 MeV−1

d4 k2 -5.40×10−6 MeV−2

d5 k0 2.21×10−1 Constant

d5 k1 1.39×10−4 MeV−1

d6 k0 42.5 Constant

d6 k1 -2.55×10−1 MeV−1

d6 k2 3.41×10−3 MeV−2

d7 k0 58.6 Constant

d7 k1 -4.18×10−1 MeV−1

d8 k0 25.7 Constant

d8 k1 9.12×10−2 MeV−1

d8 k2 -1.86×10−4 MeV−2
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5.6 Phenomenological Model

The analyzing power is a function of the deuteron incoming energy and the scat-

tering angle. It is parametrized as [99]

Apred
y (E, θ) =

1

1 + 900
θ4

[
d4

d1

1 + e
θ−d2

d3

+ d5

(
1− θ

b6

)
sin (d7 + d8θ)

]
. (5.21)

Each of the d coefficients is a polynomial function of energy difference (∆E =

E − 150MeV ). [99].

di = k0 + k1∆E + k2(∆E)2 + k3(∆E)3 (5.22)

The values of the ki parameters are listed in table 5.4. In figure 5.10 this parametriza-

tion is compared to the data. Both the cross section and analyzing power

parametrizations reproduce the order of magnitude of the data for each of the

energies.

5.6.2 Inelastic Scattering

Inelastic cross section and analyzing powers for deuteron on carbon scattering are

available from measurements performed at KVI for 76 and 113MeV. This data

shows little structure except for peaks at low excitation energy arising from the

first excited states of carbon. The cross section is now parametrized as a function

of the momentum transfer q in GeV/c and the excitation energy Ex in MeV.

σ(q, Ex) = 10f . (5.23)

The polynomial function f that introduces the dependence on momentum transfer

difference ∆q = q − 0.25MeV and excitation energy is

f(q, Ex) = f0 + f1Ex +
[
f2 + f3Ex + f4E

2
x

]
∆q (5.24)

+ [f5 + f6Ex] (∆q)
2. (5.25)

The parameters fi are listed in table 5.5. The comparison between the phe-

nomenological model and the data collected at KVI at 113 MeV is displayed in

figure 5.11.
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5.6 Phenomenological Model

Figure 5.11: Cross section comparison between deuteron on carbon inelastic scat-

tering data (bullets) and the model predictions (lines) for a beam energy of 113

MeV.The different curves are for different excitation energies. From bottom to

top : 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 MeV. The representation for

excitation energy of 10 MeV is plotted with its real values. Data for all the other

energies have been moved vertically for simultaneous display.
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Table 5.5: Values for fi used to characterize the deuteron on carbon inelastic

scattering cross section in the phenomenological model.

f coefficient Value Unit

f0 8.11×10−1 Constant

f1 -9.21×10−4 MeV−1

f2 -3.12 GeV/c −1

f3 6.84×10−2 GeV/c −1MeV−1

f4 1.41×10−2 GeV/c −1MeV−2

f5 -4.89 GeV/c −2

f6 2.87×10−2 GeV/c −2MeV−1

The analyzing power is parametrized as

Ay(q, Ex) = a1

1− 1

1 + e

“
q−a2

a3

” 1
10

 , (5.26)

where the ai represent functions of the excitation energy given by

ai = h0 − h1Ex + h2E
2
x. (5.27)

The parameters hi are listed in table 5.6. The comparison between the model

Table 5.6: Values for ai used to characterize the deuteron on carbon inelastic

analyzing power in the phenomenological model.

a coefficient Parameter Value Unit

a1 h0 8.26×10−1 Constant

a1 h1 -1.22×10−2 MeV−1

a1 h2 1.23×10−4 MeV−2

a2 h0 1.03×10−1 Constant

a2 h1 -4.21×10−3 MeV−1

a3 h0 1.69×10−3 Constant

a3 h1 2.34×10−4 MeV−1

predictions for the inelastic analyzing power and the KVI 113 MeV data is shown
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5.6 Phenomenological Model

in figure 5.12. In this case the cross sections are generally reproduced within 2%.

Analyzing powers are typically reproduced within 3%. Both the cross section

and analyzing power parametrizations for deuteron on carbon inelastic scattering

reproduce the order of magnitude of the data for each of the excitation energies.

Figure 5.12: Analyzing power comparison between deuteron on carbon inelastic

scattering data (bullets) and the model predictions (lines). The data were col-

lected at KVI. The different curves represent different excitation energies. From

bottom to top : 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 MeV. The represen-

tation for excitation energy of 10 MeV is plotted with its real values. Data for

all the other energies have been moved vertically for simultaneous display.
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5.6.3 Deuteron Breakup

Together with the deuterons the other most important particles detected are pro-

tons. Deuteron breakup constitutes the most frequent deuteron induced reaction.

Data was gathered at KVI for incoming deuteron energies of 76 and 113 MeV.

The cross section is parametrized as a function of the momentum transfer q in

GeV/c and the excitation energy Ex in MeV.

σ(q, Ex) = p0(Ex) + p1(Ex)q + p2(Ex)q
2. (5.28)

The polynomial functions pi that introduce the dependence on excitation energy

are

pi(Ex) = s0 + s1Ex + s2E
2
x + s3E

3
x. (5.29)

The parameters si are listed in table 5.7 The analyzing power is described as

Table 5.7: Values for pi used to characterize the deuteron breakup cross section

for deuteron on carbon scattering in the phenomenological model.

p coefficient Parameter Value Unit

p1 s0 -6.11 ×10−1 Constant

p1 s1 1.61 ×10−1 MeV−1

p1 s2 1.38×10−3 MeV−2

p1 s3 -3.89×10−5 MeV−3

p2 s0 -6.68×10−3 Constant

p2 s1 -8.79×10−4 MeV−1

p2 s2 6.30×10−6 MeV−2

p2 s3 6.63×10−8 MeV−3

p3 s0 2.67×10−5 Constant

p3 s1 1.39×10−6 MeV−1

p3 s2 1.50×10−8 MeV−2

p3 s3 2.71×10−11 MeV−3

a function of incoming energy E in MeV, momentum transfer q in GeV/c and

excitation energy Ex in MeV.

Ay(E, q, Ex) = t0 + t1

(
Ex −

E

2

)
. (5.30)
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The polynomial functions ti introduce the dependence on momentum transfer.

They are given by

ti =
u0

Ek1
+

1

Ek1

[
u1 + u2q + u3q

2
]
+ u4 + u5q + u6q

2 + u7q
3. (5.31)

The parameters si are listed in table 5.8

Table 5.8: Values for ti used to characterize the deuteron breakup analyzing

power for deuteron on carbon scattering in the phenomenological model.

t function Parameter Value Unit

t1 k1 2.12 Constant

t1 k2 1.04 Constant

t1 u0 -1280 MeV−2.12

t1 u1 -42.2 Constant

t1 u2 4.01×10−2 GeV/c −1

t1 u3 3.39×10−5 GeV/c −2

t2 k1 1.52 Constant

t2 k2 3.01 Constant

t2 u0 -7.35 MeV1.52

t2 u1 7.48×104 Constant

t2 u2 -1.36×102 GeV/c −1

t2 u3 -2.01×10−2 GeV/c −2

t2 u4 -1.71×10−1 Constant

t2 u5 1.44×10−4 GeV/c −1

t2 u6 -2.47×10−7 GeV/c −2

t2 u7 3.78×10−9 GeV/c −3
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5.7 Optimization of the Polarimeter Operating Point

Both the cross section and analyzing power parametrizations for breakup protons

from carbon inelastic scattering reproduce the order of magnitude of the data for

each of the excitation energies.

5.7 Optimization of the Polarimeter Operating

Point

The phenomenological model presented above can be used to find the optimal

polarimeter configuration. Here we consider three parameters: (I) the target

thickness; (II) the scattering angle acceptance; and (III) the energy acceptance.

The efficiency, the figure-of-merit and the analyzing power are studied as a func-

tion of these parameters.

For thin targets the number of detected particles is proportional to the thickness of

the target. Hence the figure-of-merit is also proportional to the target thickness.

For thicker target the energy loss of the deuteron in the target must be taken into

account since both the cross section and analyzing power are energy dependent.

Rather than integrating over penetration depth in the target, integration is done

over beam energy using the approximation

E(x) ' E0

√
1− x

d(E0)
. (5.32)

For a situation of a θ segmented detector, as intended for the dEDM experiment,

the elastic scattering model was evaluated for different scattering angles and

integrated over various target thicknesses. Figures 5.13, 5.14 and 5.15 represent,

respectively, the cross section, analyzing power and figure-of-merit for such a case

for a deuteron incoming energy of 250MeV.
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Figure 5.13: Model prediction for the cross section of deuteron on carbon elastic

scattering as a function of scattering angle. The integration has been performed

over different target thicknesses (represented by the different colors) as introduced

in equation 5.15.
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Figure 5.14: Model prediction for the analyzing power of deuteron on carbon

elastic scattering as a function of scattering angle. The integration has been

performed over different target thicknesses (represented by the different colors)

as introduced in equation 5.15.
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Figure 5.15: Model prediction for the figure-of-merit of deuteron on carbon elastic

scattering as a function of scattering angle. The integration has been performed

over different target thicknesses (represented by the different colors) as introduced

in equation 5.15.
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The maximum for the figure-of-merit for any of the target thickness integration

domains falls within 5◦ and 10◦ in scattering angle. Defining the optimal operation

point involves maximizing the figure-of-merit at the same time as choosing a

region where the analyzing power is large. For this situation the analyzing power

is large between 15◦ and 10◦. This results in an optimal scattering angle range

between 5◦ and 20◦. The largest values for the figure-of-merit occur for a thickness

between 6 and 8 cm.

Monte Carlo simulations of deuteron on carbon elastic scattering were performed

yielding an optimal target thickness of 5 cm [98].

For a non segmented detector, such as the EDDA detector used for the studies at

COSY (next section), the integration of the cross section and analyzing powers

must be performed both over target thickness and scattering angle. Figures

5.16, 5.17 and 5.18 represent, respectively, the cross section, analyzing power and

figure-of-merit for such a case for different outgoing energies.
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Figure 5.16: Model prediction for the cross section of deuteron on carbon elastic

scattering as a function of deuteron outgoing energy. The integration has been

performed over different target thicknesses and scattering angles (represented by

the different colors) as introduced in 5.15.
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Figure 5.17: Model prediction for the analyzing power of deuteron on carbon elas-

tic scattering as a function of deuteron outgoing energy. The integration has been

performed over different target thicknesses and scattering angles (represented by

the different colors) as introduced in 5.15.
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Figure 5.18: Model prediction for the figure-of-merit of deuteron on carbon elastic

scattering as a function of deuteron outgoing energy. The integration has been

performed over different target thicknesses and scattering angles (represented by

the different colors) as introduced in 5.15.
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In this case the figure-of-merit has a maximum at an outgoing deuteron energy

of 145MeV for scattering angles between 6.5◦ and 25◦. This outgoing energy

corresponds to an optimal target thickness of 6 cm.

5.8 Experimental studies

The feasibility of the polarimeter concept and the predictions of the model were

tested experimentally. For this the EDDA detector at COSY-Jülich was used (see

Chapter 2). The EDDA detector and COSY storage ring come as closely as pos-

sible to the configuration foreseen for the dEDM experiment. Three performance

indicators were studied:

• the efficiency

• the analyzing power

• the figure-of-merit

Two different experiments were conducted, one at low energy threshold (Exper-

iment 1) and another at high energy threshold (Experiment 2). In the following

sections the general experimental setup used for both experiments is discussed.

Details on each of the experiments follow specifying the specific changes made

for each experiment regarding the use of the detectors, the electronics used and

the experimental methods.

5.8.0.1 Experimental Setup

EDDA is a shared multi-purpose instrument of which the hardware could not

be altered. The existing EDDA setup did not meet the experimental needs in

two respects. First the target used for polarization measurements is a thin fiber.

Secondly the data acquisition electronics and readout do not offer sufficient room

for modification. In particular the lack of time resolution and significant dead

time at the rates expected in our studies are incompatible with our goals.

Three new targets were constructed at COSY. One in the form of a tube and

two in the form of a bar that approaches the beam from either the side or the
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Figure 5.19: Targets used at COSY for polarimeter development measurements.

The target on the left is the bottom target. The one on the right is the tube

target, used for most measurements.

bottom (see figure 5.19). These targets were placed in the target carousel from

where they were inserted into the storage ring vacuum. Because of the size of the

feed-through from the carousel to the main COSY vacuum the length of these

new targets was limited to 1.5 cm. Reactor grade graphite with a density of

2.22 g/cm3 was used as scattering material. This material was extensively tested

for vacuum compatibility and approved for use in COSY.

A new data acquisition system was setup. To connect the EDDA system to this

data acquisition only eight flat cables, containing all the analog signals from the

bar and ring detectors, had to be reconnected (see figure 5.20).

Beam and detector

The part of the EDDA detector that was used contains 32 bars that form an

azimuthally segmented barrel and 29 C-shaped half rings that form a barrel seg-

mented along the beam direction [100]. Each of the bars is read out by a photo-

multiplier tube (PMT) on the upstream and downstream end. This yields a total

of 64 analog signals. Each of the half-rings is read by a single PMT yielding a

further 29 analog signals. The resulting fine segmentation is not needed for the

performed studies and unnecessarily increases the number of readout channels.

Functional signal arrangement

To reduce the number of readout channels analog signals were added. In the

two experiments that were performed different combinations were used as de-

scribed below. Addition was done with linear fan-in/fan-out modules (LeCroy

428). The resulting grouped signals were sent to a Programmable Discrimina-

tor/Trigger/Amplifier Module (PDTAM) [101]. The sixteen analog input chan-
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Figure 5.20: New KVI electronics (on the right) installed in parallel with the

original EDDA system (on the left).

nels each have a remote-controlled offset and discriminator level. Trigger forma-

tion is done with a CPLD (Complex Programmable Logic Device). Up to eight

trigger signals can be defined based on the 16 discriminator signals together with

an additional eight logic control signals. Programming was done off-line.

Data taking modes

Control signals included a veto to prohibit output and a signal to switch between

measuring and calibration mode. In calibration mode the OR of any of the 16

discriminator signals was used to generate the gate for a charge-sensitive analog-

to-digital converter module (QDC) (Caen V792). This module was fed with the

16 analog outputs of the PDTAM to enable PMT calibration and determinations

of offsets and thresholds.
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In measuring mode the eight logic output signals were programmed to represent

the counting rate in the up, down, left and right sector of EDDA (first experi-

ment). In the second experiment a further selection of upstream and downstream

was made. These eight logic signals together with the 16 discriminator signals

were counted in a dead-time-free scaler module (Struck 7200-L or SIS3820). For

time resolution studies the discriminator signals were also fed to a multi-hit time-

to-digital converter module (Caen V1190).

Several additional logic signals were provided by the COSY control system. The

most important one identifies that the beam in the storage ring is at flat-top

(for data taking) or at injection or dump (no data taking). The spin state was

identified by a four bit pattern. Each bit was derived from the state of one of

the transition units of the source. A fast counting clock (5.7MHz) signal was

AND-ed with each of these bits and counted in the scaler module to identify

the spin state. Finally, a calibrated beam-current transformer (BCT) signal was

provided. This signal was fed into a voltage to frequency converter and into the

scaler module. In appendix 1 a scheme of the electronics can be found.

The readout electronics was VME based. Besides the scaler, QDC and MTDC, an

interrupt generating module (CES RCB 8047 (Corbo)) and a PCI-VME interface

(SBS 620 and 810) were used. The setup was configured and read using the

Caddie data acquisition program [102]. Three different interrupts and readout

configurations were used: (1) Scaler readout at 10 Hz; (2) QDC readout triggered

by the QDC module; (3) MTDC readout at 1 kHz. A Root[103] based program

was used to collect, analyze and write to disk the data read by Caddie. The

original EDDA data acquisition system TDAS was used to set the detector high

voltages.

COSY was operated in 12 to 60 s cycles. During this cycle the beam is injected

into COSY with an energy of 76MeV. Then it is accelerated to the requested en-

ergy. Further beam manipulation can be made once the beam has reached the re-

quired energy, so-called ”flat-top”. This includes (de)bunching, beam re-centering

or switching the noise source. Complicated sequences can be programmed to be

executed automatically. This includes cycling through the polarization states,

which is done automatically prior to each injection. Measurements were started

after completion, typically 5 s after injection. Once most of the beam is extracted,
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the remainder of the circulating beam is dumped, in our case 10 to 60 seconds

after injection. Data collection is halted several milliseconds before the beam

dump.

5.8.0.2 Experiment 1: Low Energy Threshold

Beam and detector

The deuteron beam momentum was chosen to be 1.2 GeV/c. This value was

selected to make possible the testing of Multi-Resistive-Plate Chambers[89].

Only the signals from the EDDA bar detectors were used since they constitute

the minimum requirement to determine asymmetries. The bars cover scattering

angles between 11 and 72◦. In this configuration, the detector has a large energy

acceptance with a low energy threshold which is determined by the amount of

material between the scattering vertex and the detection element.

Functional signal arrangement

The PMT signals from either the upstream or downstream end of the bars were

added in groups of four each as represented in figure 5.21. Each group covers a

45◦ sector in azimuth. This yielded a total of 16 analog signals to the PDTAM.

In the measuring mode of the PDTAM eight coincidences were defined between

the upstream and corresponding downstream signals. These were combined in

pairs with a logic OR to yield four output signals corresponding to the up, right,

down and left segments of the detector, covering 90◦ in azimuth each.

Data taking modes

The calibration of the detectors was performed with the PDTAM in calibration

mode. The high voltage and offset for each bar were calibrated individually based

on the recorded QDC spectrum by switching on a single PMT at a time. The

typical pulse area spectra did not show any pronounced features. The average

pulse area was therefore used as a criterion to set the high voltages.

The spectral shape was a consequence of the choice of beam energy. The beam

momentum was too high to stop elastically and nearly elastically scattered deuterons.

As a consequence elastically scattered deuterons, which contain the highest ana-

lyzing power, produced a relatively low light output.

91



5.8 Experimental studies

Figure 5.21: Functional arrangements of the EDDA bar detector signals to be

fed into the data acquisition system. On the right side a zoomed view of the

colored section is shown. The scheme represents the front detectors. Each group

Fi is composed of four detectors SFi with i = (1, 2, ..., 32.) The back detectors

are arranged in the exact same way. For these, each group Bi is composed of four

detectors SBi with i = (1, 2, ..., 32.)

The thresholds were scanned in the presence of a horizontal beam bump and set

by optimizing the efficiency.

The efficiency is defined as the ratio of events over threshold used for a polar-

ization measurement to the number of events lost from the circulating beam.

The latter was calculated from the beam current transformer (BCT) signal. The

stored beam intensity is defined as

Nstored = 6.24× 106VBCT [mV]

fC [kHz]
(5.33)

At a momentum of 1.2GeV/c the revolution frequency of COSY is fC = 881 kHz.

The particle loss rate is obtained from the time derivative of the number of stored

particles.

In the last 487 COSY fills of the experiment with well defined spin state a total

of 8.5 × 1011 particles were lost from the storage ring. Of these 1.3 × 1010 were

recorded in EDDA. Poisson statistics determine the uncertainty on the number of
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Figure 5.22: Distribution of measured vector and tensor asymmetries for 1 second

long measurements. The five spin states used in the experiments are visible as

colored blobs. Each blob corresponds to one spin state (pz, pzz). From left to

right: Tensor plus (1,-1), Vector minus (-2/3,0), Unpolarized (0,0), Tensor minus

(1/2,-1/2) and Vector plus (2/3,0).

detected particles. The uncertainty on the number of lost particles is determined

by the noise on the BCT signal. This uncertainty is estimated from the mini-

mum variance in the difference between the measured number of lost particles

per measurement and the number of lost particle predicted from the number of

detected particles and the unknown efficiency. From the minimum variance an

uncertainty of 1.7× 109 particles is assigned. This yields on average efficiency of

(1.534± 0.003)%.

During these experiments the beam position was varied for systematics studies

and the beam polarization was varied over five different states (see figure 5.22).

The dependence of the efficiency on these variations was also studied.

The mean efficiency derived from the distribution of the efficiencies calculated

per experiment and spin state is (1.53 ± 0.02)%. The error is calculated from

the distribution of efficiencies rather than from the uncertainty in the individual

measurements. It thus includes both statistical uncertainty and unaccounted for

systematic variations. The reconstructed efficiency depends weakly on the spin
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Table 5.9: Average efficiencies per spin state.

nominal spin state efficiency

(PV , PT ) [%]

(−2/3, 0) 1.55± 0.02

(2/3, 0) 1.60± 0.03

(−1, 1) 1.46± 0.05

(1/2, 1/2) 1.50± 0.04

(0, 0) 1.47± 0.02

state (see table 5.9). The χ2 for a test of a constant efficiency independent of

the spin state is 17.3 with four degrees of freedom. A lower efficiency is found

when the beam has a tensor polarization. This could point towards an average

negative T20 analyzing power of approximately 0.09, which is unrealistically large.

A second possibility is a rate dependence. The source intensity of the tensor states

is approximately 80% of that for the other states. The efficiency is found to be

independent of the number of particles lost per fill. This is confirmed with a

probability of 39.5% (χ2 = 20.00 for 19 degrees of freedom) by fitting a constant

to the data.

The linear relation between the number of detected and lost particles expected

in the absence of rate effects has also been tested for the rate variations during a

fill (see figure 5.23). Measurements were made in 1 s intervals. For instantaneous

counting rates varying from zero to 300 kHz no statistically significant nonlin-

earity was observed. Also the center position of the beam has no statistically

significant effect on the efficiency. The beam position was varied over a range

of 1 cm (see next chapter) while feeding the kicker system with horizontal white

noise. The efficiency could be fitted with a constant with a χ2 of 4 for 6 degrees

of freedom.

An efficiency of 1.5% for a target thickness of 1.5 cm corresponds to an integrated

average scattering cross section of 90mb. At 350MeV the model predicts an

elastic scattering cross section from 88mb/sr for θ = 11◦ to 7.15mb/sr for θ = 16◦.

The maximum energy loss in the target is 24 MeV. For the corresponding deuteron

energy of 326MeV the cross sections at 11 and 16 degrees are 105 mb/sr and
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Figure 5.23: Relation between the number of detected and lost particles during

a fill. The number of detected particles is, on average and within statistics,

proportional to the number of lost particles. This indicated that at the level of

sensitivity of this experiment pileup does not play a role. The white line has been

added to the figure indicating the seen linear behavior.
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11.64mb/sr, respectively. Integrated over the EDDA acceptance a total average

elastic scattering cross section of 5.3mb is found.

Because of the beam energy of 350MeV the model must extrapolate the inelastic

scattering data. Furthermore the energy acceptance of the setup is not precisely

known. Precise predictions are therefore not possible. The cross section of 85mb

is of the expected order of magnitude.

The left-right counting asymmetry is very sensitive to the beam and detector

conditions (see next chapter). Therefore the analyzing powers were determined

for a subset of the data for which the conditions were stable.five experiments

from 6:41 till 10:57 on June 15 For the two purely vector polarized states and the

unpolarized state the measured left-right asymmetries A = (R− L)/(R+ L) are

AV + = (8.74± 0.3)× 10−2

A0 = (4.39± 0.02)× 10−2

AV − = (−0.96± 0.01)× 10−2

(5.34)

The uncertainties are the effects on the mean of 4 or 5 independent measure-

ments. Counting statistics contribute 0.01% to the error. Apparently there is

an instrumental asymmetry which leads to a left-right counting asymmetry even

for an unpolarized beam. This can be corrected by subtracting the result for the

unpolarized beam,

AV + −A0 = (4.4± 0.3)× 10−2 (5.35)

AV − −A0 = (−5.35± 0.02)× 10−2 (5.36)

From these corrected asymmetries the analyzing powers can be calculated using

ALR =
3

2
× 0.9pA. (5.37)

The factor 0.9 accounts for the 90◦ azimuthal coverage of the left and right seg-

ments. The beam polarizations were measured independently at the beginning of

the experiment with the low-energy polarimeter as p+ = 0.48 ± 0.04 for the V +

state and p− = −0.63± 0.04 for the V − state. This yields

A+
y =

1

0.9

2

3

AV +

p+
= 0.15± 0.02

A−y =
1

0.9

2

3

AV −

p−
= 0.142± 0.009

(5.38)
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for the V + state and for the V − state respectively. These two results are com-

patible.

The observed asymmetries are of the expected magnitude. The model predicts an

average analyzing power of approximately 0.9 for elastically scattered deuterons.

The analyzing power of the remaining reactions, expected to be dominated by

breakup, is assumed to be zero. From the measured efficiency and the predicted

fraction of elastic scattering an average analyzing power of can be calculated,

Ây =
σelAel + σrestArest

σtotal

= (5× 0.9 + 85× 0)/90 = 0.05. (5.39)

The total values for cross section and analyzing power are σtotal = σel+σrest, where

σel represents the elastic contribution and σrest the non-elastic contributions. This

is of similar size as the observed asymmetry.

5.8.0.3 Experiment 2: High Energy Threshold

After Experiment 1, Monte Carlo simulations of the target and detector were

performed to investigate how the performance of EDDA could be improved [104].

Three improvements to the EDDA setup were implemented.

Beam and detector

First the beam momentum was lowered to 0.97 GeV/c corresponding to a kinetic

energy of 250 MeV. Second the ring detectors were added so that the highest

energy deuterons are stopped. Third the EDDA detector was moved 12.3 cm

downstream to reduce the smallest accepted scattering angle to 10◦.

At the lowered momentum elastically scattered deuterons are stopped in the

second layer of EDDA, composed of ring detectors. The requirement of a hit in

the second layer of detectors raises the physical energy threshold of the detector,

simulating the effect of placing absorbers in the setup. This also makes possible

to effectively use the electronic threshold to tune the performance.

Functional signal arrangement

Both the analog part of the electronics setup and the trigger program of the

PDTAM were adapted. The simulations showed that the phenomenological com-

bination of the energy deposit in the bars Ebar and the rings Ering,

Esum = 1.8Ebar + Ering, (5.40)
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could be used to reduce the scattering angle dependence of the energy acceptance.

For this experiment only the downstream PMTs of the bars were used. The

analog signals of eight bar PMTs were added using linear fan-in/fan-out forming

four φ-sectors: up, right, down and left covering 90◦ in azimuth each. Similarly

the six signals of the three most forward rings (left and right half) and those of

the next four rings were added forming two θ-regions: covering forward (front)

and backward (back) scattering angle between 11.19◦ and 13.66◦ and 13.66◦ and

20.15◦, respectively. The used rings are represented in figure 5.24 From these six

signals eight analog sums were formed by combining each of the φ signals with

each of the θ signals (see Appendix 1).

Figure 5.24: Functional arrangements of the EDDA ring detector signals to be

fed into the data acquisition system. The rings are divided in front (blue) and

(orange) back sections.

Data taking modes

The calibration mode of the PDTAM was left unchanged. For the measurement

mode the PDTAM pattern recognition capability was used to define the outputs.

A schematic view of the expected patterns is presented in figure A.1. Each box

represents the discriminated signal of one of the eight inputs. When either of

the two ring sections has a sufficiently large signal all four inputs containing that
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section will generate a hit. Similarly a large signal in a bar section generates

two hits. The combined pattern contains five logic 1’s and three logic 0’s. The

outputs of the PDTAM contain the (exclusive) match between each of the eight

possible patterns and the input pattern.

Figure 5.25: Example of one of the hit patterns recognized by the PDTAM. Up,

right, down and left represent the functional groups of bar detectors. Front and

back stand for the grouping of the ring detectors. A hit in a back ring generates

the pattern represented on the left panel. A hit on the right section of the

bars generates the pattern in the center panel. The PDTAM trigger is set to

recognized a coincident hit in both a bar and a ring detector. Thus, an example

of the pattern it recognizes is represented in the right panel.

Both the bar and ring detectors had to be calibrated. The first step was analogous

to the calibration in the first experiment in which all the bars were calibrated

individually. The second step involved the calibration of the ring detectors such

that the factor 1.8 is recovered.

A common threshold on all PDTAM inputs was adjusted to yield an optimal

figure-of-merit. The efficiency for the back and the front sections were determined

as
ηfront = (1.769± 0.015)× 10−3

ηback = (0.718± 0.006)× 10−3 (5.41)

For this determination the experiments were used where the sensitivity for hori-

zontal beam displacement with horizontal noise was tested. The efficiency does

not depend on the horizontal beam position with a confidence level of 32% (front)

or 11% (back).
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Table 5.10: Experimental asymmetries, derivative of the asymmetries on the

scattering angle, vector polarization and reconstructed vector analyzing power.

Uncertainties are statistical only. The listed polarizations were determined at the

beginning of the experiment.

state A A′ pV Ay

front section

Vplus −0.253± 0.006 −0.235± 0.008 −0.682± 0.01 0.574± 0.02

Vminus 0.188± 0.006 0.206± 0.009 0.688± 0.01 0.499± 0.02

Tensor −0.328± 0.005 −0.310± 0.008 −0.957± 0.01 0.540± 0.01

Unpolarized −0.018± 0.006 0.000± 0.008 0.016± 0.008 0.000± 0.008

back section

Vplus −0.309± 0.003 −0.252± 0.004 −0.682± 0.01 0.616± 0.01

Vminus 0.165± 0.003 0.222± 0.004 0.688± 0.01 0.538± 0.01

Tensor −0.382± 0.002 −0.325± 0.004 −0.957± 0.01 0.566± 0.01

Unpolarized −0.056± 0.003 0.000± 0.008 0.016± 0.008 0.000± 0.008

A small sensitivity to the vertical beam position was found,

dηfront

dy
= (−0.042± 0.009)× 10−3mm−1

dηback

dy
= (0.014± 0.004)× 10−3mm−1

(5.42)

These dependencies could be explained from small asymmetries in the detector

acceptance. The efficiency does not depend on the polarization of the beam at a

confidence level of 57% (front segment) or more.

The measured efficiencies correspond to integrated scattering cross sections of

10.6mb and 4.31mb for the front and back segment respectively. The model

predicts integrated elastic scattering cross sections of 3.31mb and 1.56mb. The

fraction of elastically scattered deuterons of 31% and 36% respectively is about

5 times higher than in the low energy threshold experiment.

The counting asymmetries and corresponding analyzing powers were determined

for four polarization states. The results are listed in table 5.10.
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Table 5.11: Model predictions for excitation energy, cross section and analyzing

power for deuteron induced reactions for an incoming energy of 350 MeV and

a target thickness of 1.5 cm for both the front and back sections of the EDDA

detector.
Ex σ[mb] Front Ay Front σ[mb] Back Ay Back

Elastic

10.6 0.54 4.31 0.573

Inelastic

4.44 0.64 0.5 1.05 0.5

< 10 1.29 0.5 2.09 0.5

< 15 1.96 0.5 3.10 0.5

< 20 2.63 0.5 4.10 0.5

Protons

8.5 0.06 −0.45 0.04 −0.18

< 12 0.13 −0.44 0.09 −0.18

< 16 0.24 −0.43 0.15 −0.17

< 20 0.38 −0.42 0.23 −0.17

Total

10.6 0.54 4.31 0.57

During this experiment the polarization was more stable than in the first experi-

ment. The (unknown) systematic uncertainty on the calculated analyzing powers

is therefore expected to be much smaller. The model predicts average analyzing

powers for elastic deuteron scattering of 0.64 and 0.62 for the front and back

section respectively. The experimental values are on average 84% and 92% of

these predicted values.

5.8.1 Performance Demonstration

5.8.1.1 Continuous Polarization Monitoring

Continuous polarization monitoring in a live environment is a necessity for the

dEDM experiment. A demonstration of this capability was performed at COSY
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(see figure 5.26)by monitoring a Froissart-Stora [105] sweep using an RF solenoid

[106]. In such a sweep, the polarization of the beam is rotated by 180◦ by ramping

the frequency of an RF magnet through an RF-induced spin resonance. The data

Figure 5.26: Tracking of beam polarization during crossing of depolarizing reso-

nances. The left-right asymmetry ALR was monitored during a fill of the storage

ring for its vector (left panel) and tensor (right panel) components. Spin state

1 represents state (2/3,0). Spin state 2 represents state (-2/3,0). Spin state 3

represents state (1,-1). Spin state 4 represents state (1/2,-1/2). Spin state 5

represents state (0,0). The first transition at around 2.5 s corresponds to the spin

resonance. The second (partial) transition at around 6 s is a spin synchrotron

resonance.

shown is figure 5.26 was accumulated for 90 minutes. A full spin flip is visible for

the vector component of the asymmetry. For the tensor component the blip in

the asymmetry is caused by the cos 2β term (see figure 3.1). Already for a single

ring fill the effect on the vector component of the asymmetry was visible.

5.8.1.2 Beam Bunch Monitoring

Identification of consecutive beam bunches will be needed to correct for system-

atic effects in the dEDM experiment. The beam bunching pattern, with beam
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bunched on the first harmonic (h=1) of the cyclotron frequency, was monitored

with the MTDC module. Figure 5.27 shows the pattern for the maximum bunch-

ing voltage available at COSY. The MTDC readout must be synchronized to

Figure 5.27: Distribution of the differences between consecutive events with beam

bunched on the first harmonic. The overall exponential decline represents the

distribution of time differences in a random distribution. The red curve is a fit

to the original data which is plotted in black.

the bunching RF signal. Without this explicit synchronization no signal can be

observed.

This measurements shows the capability of time resolution of the new DAQ nec-

essary for future studies in which individual bunches must be identified.

The fitted pattern takes into considerations the Γ-distribution of the difference

between successive hits. From the exponential behavior it can be concluded that

no long term artifacts or beam structure are present. A fit to the modulation of

the pattern yielded an RF frequency of 880636 ± 55Hz consistent with the RF

frequency which is set to 880598Hz.
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Table 5.12: Experimental results for the efficiency, analyzing power and figure of

merit for the three conditions studied at COSY.

condition η [%] Ay FOM = ηA2
y [%]

350 MeV, low E-threshold 1.53± 0.02 0.14± 0.01 3.00× 10−2 ± 0.02

250 MeV, high E-threshold, front 0.177± 0.002 0.58± 0.04 5.10× 10−2 ± 0.01

250 MeV, high E-threshold, back 0.0718± 0.0006 0.57± 0.04 2.36× 10−2 ± 0.01

5.9 Conclusion

The deuteron EDM polarimeter development tests performed at COSY have pro-

vided confirmation of the model predictions for the optimal polarimeter operating

point. The tests have been performed with a 1.5 cm thick tube carbon target for

different detector configurations. In table 5.12 the experimental results for the

efficiency and the analyzing power are summarized.

These made possible the comparison between different deuteron energies and

between setups with and without an absorber. In the first measurement high

efficiencies and low analyzing powers were found, indicating a strong presence of

breakup protons. At the same time, deuteron breakup suppresses spin dependence

leading to the low value for the analyzing power. In the second experiment the

incoming deuteron energy was lowered and the outer detector layer of EDDA was

included. This resulted in lower efficiencies but higher analyzing power, indicating

spin-dependent scattering and thus the presence of mainly deuterons. The figure-

of-merit for both measurements is similar: 4.6× 10−6 for low threshold and 4.8×
10−6 for high threshold. Measurements made with higher analyzing powers are

less sensitive to systematic effects. Hence the high threshold configuration is

preferred.
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