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Chapter 6

Polarimeter Selectivity

The EDM signal is a gradual change of the polarization component along the

magnetic field. In the previous chapter an efficient method to measure the polar-

ization was presented. This method is based on the azimuthal dependence of the

scattering cross section on the polarization and the resulting distribution of the

counting rate over the detector. Phenomena that affect the counting rate might

thus lead to a signal which is mistaken for an EDM signal.

In this chapter the selectivity of the polarimeter concept is discussed. Selectivity

is defined as the ability to distinguish the true signal from other signals, in other

words the ability to suppress systematic effects.

Two analysis strategies are evaluated. First the linear left-right asymmetry is

pointed out. This asymmetry is commonly used to measure the counting rate

asymmetry caused by a polarized beam. Afterwards the more robust method

based on non-linear cross ratios is introduced and discussed. Two parameters are

defined: the first is mostly sensitive to the polarization of the beam whereas the

second is mostly sensitive to beam displacements and rotations. The resulting

systematic effects of several imperfections are shown.

Beam displacements and rotations are an important source for systematic effects.

Their impact is discussed in detail. Next the results of numerical simulations and

the results obtained by a dedicated experimental study performed at KVI are

presented and the results obtained in studies at COSY are discussed.
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6.1 Signal Definition

6.1 Signal Definition

6.1.1 Linear Combination

Ideally the counting rate in a detector is given by the scattering formula 5.2. A

straightforward polarization measurement can be performed through the left-right

asymmetry introduced in the previous chapter defined as

ALR =
L−R

L+R
. (6.1)

Here L and R represent the detected rates in the left and right detectors. Both

rates depend on the polarization,

L = N (1 + PyA) ,
R = N (1− PyA) ,

(6.2)

where Py stands for the vertical component of the vector polarization, N for

the counting rate for an unpolarized beam and A for the analyzing power. The

left-right asymmetry becomes

ALR = PyA (6.3)

A change in Py with time reflects into a time dependence on ALR. Measuring the

latter and knowing the analyzing power A is sufficient to determine Py.

If the left and right count rates and analyzing powers are not the same this simple

relation does not hold. Rate modification can be generically parametrized as

L′ = L+ εL
R′ = R + εR.

(6.4)

Depending on which mechanism is responsible for the change in count rates εL

and εR may be related. Introducing these rate modifications into equation 6.1

the left-right asymmetry becomes

A′
LR =

L′ −R′

L′ +R′ =
L−R + εL − εR
L+R + εL + εR

(6.5)

Assuming that εL and εR are small compared to L + R, the first-order Taylor

expansion becomes

A′
LR ' ALR

[
1− εL + εR

L+R

]
+
εL − εR
L+R

+ O(higher). (6.6)
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6.1 Signal Definition

The left-right asymmetry thus has a first order dependence on both (εL + εR)/N

and (εL − εR)/N with N = L+R
2

.

For the EDM experiment, the interest lies in changes in δALR at the level of 10−7.

This implies that symmetric rate changes should be constrained to

ALR
εL + εR

2N
< δALR = 10−7 (6.7)

Assuming that the injected beam has a non-zero vertical polarization no larger

than several %, ALR might be as large as 10−3. This leads to the constraint that

εL + εR
2N

< 10−4 (6.8)

whereas asymmetric rate changes should be constrained to

εL − εR
2N

< δALR = 10−7 (6.9)

The requirement on asymmetric rate changes is considerably more demanding.

The first order dependence on relative rate changes leads to very stringent require-

ments on experimental parameters. For a precise measurement of the polarization

a large sensitivity to systematic effects is undesirable. A more suitable measure

of the polarization than the left-right counting rate ratio should be used.

6.1.2 Non-Linear Combinations

6.1.2.1 Cross Ratio

A more robust asymmetry can be calculated from a non-linear combination, re-

ferred to as cross ratio. In an analogous way to the linear asymmetry, the count-

ing rates in the left and right detectors for beams with opposite polarization are

combined. The relevant rates are given by

L+ = f+L0

(
1 + ALP

+
y

)
,

L− = f−L0

(
1 + ALP

−
y

)
,

R+ = f+R0

(
1− ARP

+
y

)
,

R− = f−R0

(
1− ARP

−
y

)
,

(6.10)

where f+ and f− represent the fraction of the integrated beam luminosity for

either polarization state and L0 and R0 the counts for an unpolarized beam of
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6.1 Signal Definition

the left and right detector, respectively. Furthermore, the analyzing power of the

left detector (AL) and right detector (AR) are introduced. From these rates, a

squared ratio r2 can be defined as

r2 =
L−R+

L+R− =
1 + ALP

−
y − ARP

+
y − ALARP

−
y P

+
y

1 + ALP+
y − ARP−

y − ALARP−
y P

+
y

. (6.11)

In this approach, the integrated luminosities (f+ and f−), as well as the detector

acceptances (L0 and R0) drop out identically. For this ratio the asymmetry can

be calculated

εLR =
1− r

1 + r
. (6.12)

Assuming P+
y = −P−

y = Py and AL = AR = A it takes the form,

r2 =

[
1 + APy

1− APy

]2

. (6.13)

so that

εLR =
(1− APy)− (1 + APy)

(1− APy) + (1 + APy)
= APy. (6.14)

This measure is independent of the detector acceptance (as far as it does not lead

to AL 6= AR) and the integrated beam intensity and thus constitutes a superior

method over the left-right asymmetry discussed before.

In the next section the sensitivity to several possible sources of systematic effects

is studied in detail. The sensitivity to beam-detector displacement and rotation

will be treated in detail. It will be shown that several sources of systematic effects

only appear in second order.

6.1.2.2 ζ parameter

As previously mentioned, the development of the dEDM polarimeter focuses on

identifying systematic effects and establishing a correction method to eliminate

them or reduce them as much as possible. In order to do so, an independent

measure of the strength of these systematic effects is crucial. The chosen approach

is to define a zeta-parameter ζ in an analogous way to the cross-ratio asymmetry

but independent from it,

ζ =
1− s

1 + s
(6.15)
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6.2 Sensitivity to Detector Acceptance and Beam Polarization

where s is defined as

s =

[
L+L−

R−R+

]1/2

. (6.16)

It will be shown later that ζ can be used effectively to expose beam position shifts

and rotations.

6.2 Sensitivity to Detector Acceptance and Beam

Polarization

6.2.1 Detector Acceptance

The detector acceptance affects both the average rate and the analyzing powers of

a detector. Although the cross ratio asymmetry εLR is insensitive to the former,

it remains sensitive to the latter. In the previous chapter the average analyzing

powers was introduced (see page 105). The dependence on the acceptance in scat-

tering angle ∆θ = [θmin, θmax] and the azimuthal acceptance ∆φ = [φmin, φmax]

follows from

Aang =
1

∆φ

∫
∆φ

sinφ dφ
∫

∆θ
dσ
dΩ

(θ)A(θ)dθ∫
∆θ

dσ
dΩ

(θ)dθ
, (6.17)

where ∆φ and ∆θ are assumed to be independent.

Here the energy and particle acceptance are included in dσ/dΩ(θ) and A(θ),

dσ

dΩ
(θ) =

∑
i∈species

∫
∆Ei

d2σi

dΩdE
(θ)dE (6.18)

and

A(θ) =

(
dσ

dΩ
(θ)

)−1 ∑
i∈species

∫
∆Ei

d2σi

dΩdE
(θ)Ai(θ, E)dE (6.19)

Nominally the acceptance of the left and right detector are the same. For inde-

pendent E, θ and φ acceptance the nominal analyzing power is given by

A0
L = A0

R =
sin δ/2

δ/2

∫
∆θ

dσ
dΩ

(θ)A(θ)dθ∫
∆θ

dσ
dΩ

(θ)dθ
. (6.20)

A difference in either the energy, scattering angle or azimuthal angle will thus

lead to a difference in AL and AR.
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6.2 Sensitivity to Detector Acceptance and Beam Polarization

6.2.1.1 Changes of the Analyzing Power

Assuming that P+
y = −P−

y = Py, the following ratios can be defined,

Â =
AL + AR

2
(6.21)

dA =
AL − AR

2
. (6.22)

For the case of the left-right asymmetry this leads to a change given by

ALR = A0
LR [1− dAPy] (6.23)

where A0
LR is ÂPy. For the case of the cross ratio the change is given by

εLR = ε0
LR

[
1− (dAPy)

2
]

(6.24)

where ε0
LR is ÂPy. A time dependence of dA or Â in combination with a non-zero

Py mimics the EDM signal.

In a realistic experiment, the vertical polarization component Py will be of the

order of 10−2. Therefore changes in dA and Â must be tightly controlled to avoid

fake EDM signals. The change in the polarization ∆Py due to the EDM leads to a

change in the left-right cross ratio asymmetry εLR of Â∆Py = O(10−7). Therefore

dA must be smaller than 10−3/2. If Py varies sufficiently over the course of the

experiment, εLR can be extrapolated to Py = 0.

It is possible to generate a simultaneous and same-signed change in the analyzing

powers of the left and right detectors from, for example, rate related effects or

acceptance changes due to a drift in the power of the detector elements or the

electronics readout system. Assuming that ε0
LR varies and that dA(t) is always

the same, such an effect can be corrected.

6.2.1.2 Rotation of the Detector about the Beam

If the detector is rotated about the beam by an angle ψ the left-right asymmetry

is no longer sensitive to Py. Instead the asymmetry is sensitive to the polarization

component

P ′
y = Py cosψ + Px sinψ ' Py + Pxψ (6.25)
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6.2 Sensitivity to Detector Acceptance and Beam Polarization

In the frozen spin method the horizontal polarization component Px is supposed

to be constant. A slow drift in Px can lead to a false EDM signal proportional to

dPx/dtψ. For both ALR and εLR the resulting changes are (to first order in ψ)

ALR = ALR + APxψ (6.26)

εLR = εLR + APxψ. (6.27)

The rotation of the detector can be established by allowing the spin to precess

instead of freezing it. In this case,

Px(t) = P0 cos Ωt (6.28)

with P0 the magnitude of the polarization. The left-right asymmetry and the

cross ratio will then contain a term oscillating at a frequency of Ω. In a full

precession cycle, the measured asymmetry reaches its maximum when the spin

is oriented perpendicular to the beam axis. This asymmetry is six orders of

magnitude larger than the EDM signal and can thus be determined with great

precision in a short measurement. To eliminate the small effect due to the tilt of

the precession axis caused by the EDM, the sign of Ω can be inverted. This also

changes the sign of the oscillating term while leaving the EDM term unchanged.

Another approach involves a measurement of the φ-distribution over the detector.

This distribution reflects the orientation of the beam polarization and will also

oscillate when the spin is not completely frozen and a few precession cycles are

allowed during the store.

Both ALR and εLR have a first order dependence in ψ. The resulting systematic

effect can be determined with more than sufficient precision to eliminate it. This

is done by letting Px vary.

6.2.2 Beam Polarization

6.2.2.1 Sensitivity of εLR to a Change in Py

Not only the presence of an EDM causes Py to change. If the initial Py is non-zero,

depolarizing effects can also lead to a time dependence of the vertical polarization.

If |P | slowly decreases over the course of the fill due to some (de-)polarizing effect,

then |P+| = |P−| = P 0
y − dP .

111



6.2 Sensitivity to Detector Acceptance and Beam Polarization

The change in the left-right asymmetry can be expressed as

ALR(dP ) = A(P 0
y − dPy). (6.29)

The change in the cross ratio is given by

εLR(dP ) = A(P 0
y − dPy) = εLR(1− dPy

P 0
y

), (6.30)

where the last equality holds for an initially non-zero vertical polarization.

This means that the depolarization of the beam generates a false EDM signal.

When the initial vertical polarization is zero, then also εLR is zero and equation

6.31 should be used. For a polarization Py ∼ 10−2, depolarization of the vertical

component must be limited to 1:1000.

One physical effect that may lead to a growth of Py is the Sokolov-Ternov effect,

which leads to polarization along the magnetic field in case of highly relativistic

electrons. It is proportional to γ5 [107]. This effect is too weak to produce any

noticeable effect for deuterons at 1 GeV/c.

The EDM signal is an actual change in the vertical polarization component of the

beam, just like the effect discussed here. They can therefore not be distinguished

from each other by the polarimeter and will have to be controlled by the careful

design of the storage ring. This is beyond the scope of this thesis.

6.2.2.2 Sensitivity of εLR to a Difference in P+ and P−

Whereas the left and right counting rate are simultaneously determined, mea-

surements for P+ and P− are made separately using different beams. Even for

the best ion sources, a difference between P+ and P− is unavoidable.

For a situation where there is a difference between |P+| and |P−|, defined as

P̂ = |P+|+|P−|
2

and dP = |P+|−|P−|
2

, and assuming that AL = AR = A0, the change

in cross-ratio is given by

εLR(dP ) = εLR(1 + A2
0dP

2
). (6.31)

The polarization difference only appears as a second order effect.

Because the effect of the EDM is opposite for opposite polarizations, the EDM

signal is amplified just a little. If dP grows linearly in time, then the false EDM

signal grows quadratically, which can be used to distinguish it from the true EDM

signal which grows linearly in time.
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6.2 Sensitivity to Detector Acceptance and Beam Polarization

6.2.2.3 Sensitivity to Tensor Polarization

For the development of polarimetry for the deuteron EDM it is necessary to take

into account the fact that the deuteron is a spin-1 particle. Although the vector

and tensor polarizations can be controlled independently, not all combinations

are possible. The phase space defined by both the vector and tensor components

can be depicted schematically as shown in figure 6.1.

Figure 6.1: Space defined by the magnitude of the vector and tensor polarization

components for a deuteron. Only combinations of PV and PT in the triangle are

possible

For a beam with non-zero tensor polarization, the left and right count rates are

given by 3.26

L = L0 (1 + ALPV +BLPT ) (6.32)

R = R0 (1− ARPV +BLPT ) , (6.33)

where NL,R stands for the number of counts in the left and right detector, AL,R for

the associated vector analyzing powers, BL,R for the associated tensor analyzing
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6.3 Sensitivity to Beam-Detector Displacement and Rotation

powers and PV for the vector polarization and PT for the tensor polarization.

Following the formalism introduced in section 6.1.1, the change in the left-right

asymmetry with a non-zero tensor contribution is

A′
LR ' ALR

[
1− 2BLPT

2N(1 + 2BLPT )

]
+ O(higher), (6.34)

where ALR is the previously defined original left-right asymmetry for a vector-

only polarized beam.

Also the cross ratio asymmetry can be evaluated for the case of the tensor con-

tribution to the beam polarization. When flipping the vector polarization, the

tensor polarization remains the same. Hence the count rates previously given in

equation 6.10 are modified as

L+ = f+L0 (1 + ALP
+ +BLPT ) ,

L− = f−L0 (1 + ALP
− +BLPT ) ,

R+ = f+R0 (1− ARP
+ +BRPT ) ,

R− = f−R0 (1− ARP
− +BRPT ) .

(6.35)

Assuming that f+ = f− = f , L0 = R0 = L, AL = AR = A and BL = BR = B

and using the same approach as for equation 6.13, the cross ratio asymmetry in

the presence of a tensor component changes to

ε′LR = εLR
1

1 +BPT

. (6.36)

To mimic an EDM signal εLR must be non- zero and BLPT must be time de-

pendent. It is claimed that scattering spin-one deuterons from residual gas may

introduce a t20 contribution[108, 109] and hence a time dependent PT . In the

absence of gas no such polarization effect exist. Using a noisy kicker rather than

a gas jet might thus be necessary to extract the beam.

6.3 Sensitivity to Beam-Detector Displacement

and Rotation

The position and orientation of the detector relative to the beam greatly affects

the acceptance of the detector, independent of whether the beam or the detector
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6.3 Sensitivity to Beam-Detector Displacement and Rotation

changed its position. In particular, the accepted range of scattering angles will

be affected. The cross section and analyzing power both strongly depend on

the scattering angle θ, as shown in the previous section. Any change in the θ-

acceptance has a potentially large effect on the measured signal because the solid

angle of a detector element, the observed cross section and the effective analyzing

power change simultaneously. To study this dependence an analytical model was

developed to describe the sensitivity of the left-right asymmetry, the cross-ratio

asymmetry and a new cross-ratio zeta parameter.

6.3.1 Left-Right Asymmetry

To study the sensitivity to changes in the alignment of the detector with respect to

the beam the expressions for the cross section and the vector and tensor analyzing

powers, A and B respectively, are expanded as second order Taylor series,

σ(θ) = σ(θ0 + dθ) = σ(θ0) + σ′ · dθ + σ′′ · (dθ)2 (6.37)

A(θ) = A(θ0 + dθ) = A(θ0) + A′ · dθ + A′′ · (dθ)2 (6.38)

B(θ) = B(θ0 + dθ) = B(θ0) +B′ · dθ +B′′ · (dθ)2. (6.39)

with σ′ and σ′′ the first and second derivative of σ with respect to θ evaluated at

θ = θ0. A and B have been expanded in the same way.

Nominally the left and right detector probe the same angular range. When the

polarimeter is rotated by an angle ψ about the y-axis the central angle of the

left and right detector change by ψ and −ψ, respectively. Using equations. 6.37

– 6.39 the rates in the left and right detector are given by,

L(ψ) = σ(θ + ψ) [1 + pVA(θ + ψ) + pTB(θ + ψ)]
R(ψ) = σ(θ − ψ) [1− pVA(θ − ψ) + pTB(θ − ψ)] .

(6.40)

Replacing the expressions for σ(θ), A(θ) and B(θ), by 6.37, 6.38 and 6.39 the

experimental left-right asymmetry can be calculated through

ALR =
L−R

L+R
. (6.41)

Up to second order in ψ this becomes

ALR =
εV

1 + εT

+

[
ε2

V

(1 + εT )2

(
σ′

σ
+
A′

A

)
− εV

1 + εT

B′

B
− σ′

σ

]
ψ+
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6.3 Sensitivity to Beam-Detector Displacement and Rotation

εV

1 + εT

[
A
′′

A
− (σ′σ)

2
+

εT

1 + εT

((
2σ′σ +

A′

A

)
B′

B
+
B
′′

B

)
+

ε2
V

(1 + εT )2

(
σ′

σ
+
A′

A

)2
]
ψ2,

(6.42)

where εV and εT represent, respectively, the real left-right asymmetry caused by

the presence of the vector and tensor components of the beam. Beam misalign-

Figure 6.2: Schematic representation of beam misalignment effects. Both the

position and angle shift can be parametrized through the same ψ parameter.The

black horizontal arrow represents the incoming beam. The diagonal black arrow

defines the scattering angle seen by the detector θD for an optimal configuration.

The red arrow identifies the displaced beam. The θ∗ angle is the effective angle

difference that is introduced in the system. For this parameterization, both effects

are treated in the same way.

ments and rotations can be parametrized in a similar way. As shown in figure 6.2

they both lead to a shift in θ .

Effect of beam shifts

Considering a beam shifted to the right as depicted in figure 6.2,
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6.3 Sensitivity to Beam-Detector Displacement and Rotation

Figure 6.3: Effect introduced by changing the position of the scattering vertex

for both the left and the right detectors. The black horizontal arrow represents

the incoming beam. The diagonal black arrow defines the scattering angle θD

seen by the detector for an optimal configuration. The red arrow identifies the

displaced beam. The θ∗ angle is the effective angle difference that is introduced

in the system. A beam displaced to the left causes a decrease in the effective

scattering angle in the left detector and an increase by the same amount in the

right detector. The opposite happens for a beam displaced to the right.
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6.3 Sensitivity to Beam-Detector Displacement and Rotation

the angle difference introduced in the system can be parametrized as

ψ =
x

R
cos θD(1 +

x

R
sin θD), (6.43)

where x
R

stands for the ratio between the beam displacement and the distance

between the scattering vertex and the detector. θD is the nominal angle of the

detector. This amount is subtracted from the nominal angle for the left detector

and added to that of the right one,

θL = θD − ψ (6.44)

θR = θD + ψ (6.45)

Change in solid angle for beam shifts

Using the quantities introduced in figure 6.3, the ratio between the solid angle

for the optimal configuration Ω0 and the beam shifted one Ωx is given by

Ωx

Ω0

R2

d2 = 1 + 2
x

R
sin θD −

x

R

2

(1− 4) sin2 θD (6.46)

Calculating the left-asymmetry consists of evaluating the sequence laid out in

6.3.1 for the reaction scattering angles (or effective angles seen by the detector)

corrected with ψ. The correction for the effect is done by multiplying the ratio

defined in 6.46 by the cross section being evaluated.

The result for the left-right experimental asymmetry yields,

ALR

( x
R

)
= A0

LR +

{
2(1− ε2) sin θD +

[(
σ′

σ
+
A′

A

)
ε2 − σ′

σ

]
cos θD

}
x

R

+

{
−4 sin2 θD +

(
4
σ′

σ
− A′

A

)
sin θD cos θD +

(
A
′′

A

)
−
(
σ′

σ

)2

cos2 θD

}
ε
( x
R

)2

+

{
4 sin2 θD − 4

(
σ′

σ
− A′

A

)
sin θD cos θ +

(
σ′

σ
+
A′

A

)2

cos2 θ

}
ε3
( x
R

)2

. (6.47)

where A0
LR represents the real asymmetry. A shift in the scattering vertex has

already an effect at first order. In the dEDM experiment the injected beam will

be longitudinally polarized so that ε0 ' 0. The first order term in x/R then

becomes

ALR = A0
LR +

[
2 sin θD −

σ′

σ
cos θD

]
x

R
. (6.48)
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6.3 Sensitivity to Beam-Detector Displacement and Rotation

The shift in ALR thus depends on θD. This can be used in the analysis to distin-

guish the EDM signal from a shift in x. Having verified this linear dependence on

the beam displacement it became clear that a more robust method was necessary.

6.3.2 Cross Ratio

The effect of a position shift on the cross ratio can be obtained in a similar

fashion. An ideal detector setup is considered meaning AL = AR. In such a setup

acceptance differences and intensity differences between opposite polarized beams

do not contribute. Two small systematic effect driving terms are considered. ψ

as the angle by which the beam is steered at the target and u = p+ + p−. With

these two parameters the perturbation in the cross ratio becomes

εLR = ε0
LR +

1

1− ε0
LR

2

{
ε0

LR
2A′

A
uψ + ε0

LR

[
A
′′

A
(1− ε0

LR
2
)−

(
A′

A

)2

ε0
LR

2

]
ψ2

}
.

(6.49)

In this expression, ψ represents either the reaction angle change induced by a

beam rotation as defined in equation 6.43 or the amount by which the scattering

angle changes when the beam is displaced.

Here it should be noted that the effect is driven only by the analyzing power and

its derivatives. For the dEDM experiment with ε0
LR ' 0 it becomes

εLR = ε0
LR + ε0

LR

A′′

A
ψ2 (6.50)

6.3.3 Error Parameter

For a beam steered at the target by θ, the measured asymmetry for the ζ param-

eter can be written as,

ζ =

[
−σ

′

σ
+

ε2

1− ε2

A′

A

]
θ. (6.51)

Here θ represents either the reaction angle change induced by a beam shift of

the amount by which the scattering angle changes when the beam is displaced.

Once more the reaction angle change θ is parametrized as θ = ∆x
R

cos θ where ∆x
R

represents the shift displacement.
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6.3 Sensitivity to Beam-Detector Displacement and Rotation

6.3.4 Simulation Studies for ALR and εLR

The sensitivity to beam shifts depends on the cross section and analyzing powers

and their derivatives. Their contributions were introduced using the simplified

expressions

σ = σ0e
−bθ (6.52)

A = A0 + A1e
−( θ−θ0

u )
2

. (6.53)

These functions were fitted to the elastic scattering data obtained at 113MeV

at KVI yielding, σ0 = e8.35, b = 0.2189perdegree, θ0 = 22.14◦, A0 = 2/3,A1 =

−0.483 and u = 9.97. From these the various coefficients in 6.47 and 6.49 both

the cross section and analyzing power derivatives can be calculated using

σ′

σ
= b (6.54)

A′

A
(θ) =

−2θ + 2θ0

A0

A1e
−( θ−θ0

u )
2 + 1

(6.55)

A′′

A
(θ) =

−2e−( θ−θ0
u )

2

+ (−2θ + 2θ0)
2

u2

[
A0

A1
+ e−( θ−θ0

u )
2
] . (6.56)

At various angles the resulting sensitivity to ∆x was evaluated (see table 6.1)

Figure 6.4 shows the predictions of the Monte-Carlo model for different beam-

Table 6.1: Sensitivity to ∆x evaluated at different angles for a deuteron incoming

energy of 113MeV.

Angle[◦] σ[mb] A σ′/σ A’/A A”/A

18 82.253011 0.259885 -0.218900 -0.130383 0.020633

28 9.214700 0.324520 -0.218900 0.124311 0.006556

38 1.032311 0.628186 -0.218900 0.019548 -0.005005

48 0.115648 0.666088 -0.218900 0.000452 -0.000218

detector displacements and for different scattering angles. These predictions de-

pict the left-right asymmetry to first order in misalignments and the cross-ratio

asymmetry to second order.
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6.3 Sensitivity to Beam-Detector Displacement and Rotation

Figure 6.4: Monte-Carlo simulation of the behavior of the left right asymmetry

(left panel) and cross ratio asymmetry (right panel) in the presence of beam-

detector misalignments. Predictions are shown for 18, 28, 38 and 48 degrees in

scattering angle.
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6.4 Experimental Studies at KVI

6.4.1 Experimental Setup

Experimental studies to test the feasibility of correcting for beam-detector dis-

placements systematic effects were performed at KVI. The measurements were

carried out using the In-Beam Polarimeter [73] described in Chapter 2 of this

dissertation.

The detectors at the IBP location were rearranged with 4 detectors in each hori-

zontal and vertical arm at θ = 18◦, 28◦, 38◦ and 48◦ as shown in figure 6.4.1. The

detectors at 28◦ and 38◦ are used to calibrate the beam polarization measurements

through the elastic deuteron-proton reaction. The IBP targets are mounted on a

wheel and eight different targets assemblies are possible. The target wheel can be

rotated by a stepping motor with a step of 0.024 degrees. One step corresponds

to about 30µm in target movement.

Photograph of the IBP detector at KVI at the time of the experiment. Both the

horizontal and vertical arms support 8 PMTs.
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Two targets were of interest for these studies. A 9.8mg/cm2 polyethylene (CH2)

target was used for the polarization calibration. Sensitivity studies were per-

formed on a 1mm wide carbon vertical ribbon of thickness 11mg/cm2. A narrow

strip was used to have a well defined scattering vertex.

To optimize the efficiency of the polarimeter as many protons as possible must

be removed. This was done by placing an aluminum absorber in front of the

detectors. The thickness of such an absorber can be deduced through the following

scaling relation, which relates the range of any nucleus to that of the proton,

Rd (Ed) =
A

Z
Rp (Ed/2) = 2Rp (Ed/2) (6.57)

At the beam energy of 113MeV, the energy of elastically scattered deuterons

ranges from 113 MeV at 18◦ to 80 MeV at 48◦. The energies of interest covered

the range from 80 to 110MeV in deuteron outgoing energy. Estimates were

made for different absorber thicknesses. Table 6.2 lists these estimates together

with the kinetic energies for which protons and deuterons are stopped for each

thickness. Using expression 6.57 and the results from table 6.2 it was estimated

that a 80ṀeV deuteron would be stopped by 5.71mm thick absorber. For this

study 5 mm aluminum absorbers were used.

Table 6.2: Stopping power for protons (Ep) and deuterons (Ed) for various thick-

nesses of aluminum.
d Ep Ed

mm MeV MeV

0.10 3.61 5.22

0.23 5.58 7.66

0.51 8.87 11.93

1.14 14.12 18.98

2.56 22.35 30.19

5.77 35.28 47.78

12.97 55.62 75.38

29.19 87.84 118.85
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6.4.1.1 Beam Setup

The experiment was conducted at a nominal beam energy of 110MeV and a beam

current of 1 nA. At this current the maximum rate per detector, per mbarn and

per nA was about 8.7Hz.

The measurements were performed with five polarization states, with nominally

(Pz, Pzz) = (0,0), (-2/3,0), (2/3,0), (-2/3,0) and (-1/2,1/2), delivered by the po-

larized ion source POLIS [110]. The actual polarizations were slightly different

and are represented in table 6.3.

Table 6.3: Polarization values for each of the spin polarized states.

State pz pzz

(-2/3,0) -0.5573±0.0001 0.0106±0.0001

(2/3,0) 0.5408±0.0001 0.1760±0.0003

(0,-2) -0.0206±0.0001 -1.3932±0.0002

(-1/2,1/2) 0.3862±0.0001 -0.1481±0.0003

To study the effect of systematic effects affecting the polarimetry performance

three different perturbations were introduced to the measurements: transversal

displacements of the beam and target, rotation of the beam and a combination of

both. These perturbations were introduced using several magnets combinations

upstream of the IBP (see Appendix 2).

• Magnet B3 situated immediately before the IBP at the intersection be-

tween the L and the M beamlines enables manipulations of the beam in the

horizontal plane.

• Magnet BHOR was used for vertical bending.

• Magnet B5 was used to bring the beam to the right position due to a

difference in heights of the two consecutive rooms.

• Magnet BUP situated immediately after the wall, enables horizontal bend-

ing.
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• Magnet B2, together with B1, was used for manipulations of the beam in

order to study rotation effects.

The beamline was carefully tuned to yield a waist at the location of the IBP.

For this the beam profile monitors (harps) along the beamline were used. These

harps were also used to calibrate the beam shifts and rotations and to monitor

the beam emittance.

6.4.1.2 Procedure to Displace and Rotate the Beam

The procedure to measure the effect of a displacement was:

• Optimize count rate at the ribbon target for optimal settings (non- displaced

and non-rotated beam) by slowly moving the beam onto the target until a

maximum count rate was detected.

• Move the ribbon target to a specific displaced position.

• Steer the beam with B2 and B3 in a fixed combination so that the target

is found and the count rate is again optimized.

In this way the displacement is determined by the position of the ribbon target

which is known to 30µm. The range of movement was -6 to 6 mm.

To study beam rotation effects a different procedure was performed:

• Change the position of the target with the target wheel procedure

• Move the beam so that it finds the target at optimal count rate (until now

same as for displacements)

• Move the target back to original position

• Manipulating B1 and B2 find the target once more.

The distance between the B3 magnet (3.7m upstream of the IBP) together with

the displacement of the ribbon determine the beam angle at the target. Because

of the layout of the beamline, rotation angles were limited to a range between -2

and 2 mrad.
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6.4.2 Results

The data taken at KVI in 2007 were the result of a very well calibrated beam

misalignment application. Deliberate changes were introduced to the beam po-

sition enabling the correlation between the observed effects with a shift of the

scattering vertex. The left-right asymmetry was calculated.

Figure 6.5: Left right asymmetry for the IBP 2007 measurements at the KVI

for θ =18◦. Deliberate displacements were inflicted on the beam and the effect

measured. Here the data for unpolarized beam and state (-2/3,0) are presented.

The error bars were multiplied by 100 to be visible in the plot.
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Figure 6.6: Left right asymmetry for the IBP 2007 measurements at the KVI

for θ =38◦. Deliberate displacements were inflicted on the beam and the effect

measured. Here the data for unpolarized beam and state (-2/3,0) are presented.

The error bars were multiplied by 100 to be visible in the plot.
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Comparing the results in figures 6.5 and 6.6 with the analytical model expecta-

tion, it is verified that for a left-right, single-state asymmetry the dominant term

is linear in x
R

as expected . The results, presented in table 6.4 [111] are the same

to within about 1% independent of being determined from the unpolarized state

or the two vector polarized states. As the asymmetry grows, the effect of a beam

Table 6.4: Derivatives of the cross section estimated from the data and from a

scattering model [99].

Angle [◦] σ′

σ
data σ′

σ
model

18 0.1158 0.1051

28 0.2050 0.2082

38 0.1630 0.1239

48 0.0998 0.0775

shift variation gets smaller as 1−ALR
2. This effect starts to be visible already at

38◦. The derivative of these slopes are presented in the second column of table 6.4

and have been calculated using a phenomenological elastic scattering model [111]

similar to the one introduced in chapter 4. Such a treatment did not take into

account the imposition of an additional hardware threshold on the events that

would be allowed to get to the scalers, which would lower these estimates. For

this reason, the threshold was adjusted empirically to see if fitting the prediction

to the data was possible.

At 28◦,the data and the prediction were close enough not to require further ad-

justment of the energy threshold. Both 38◦ and 48◦ were given a 17 and 9MeV

threshold respectively, with the results on the slope given in the last column. For

18◦, the slope was rather insensitive to the choice of threshold.

Having verified the linear dependence of ALR the cross ratio method was also

applied. The left-right cross ratio εLR was evaluated by combining data for the

(2/3,0) and (-2/3,0) polarized states. In figures 6.7 and 6.8 the results for 18◦

and 28◦ are shown. The dependence of εLR on ∆x was fitted with an expression

of the form

εLR = A+B∆x+ C∆x2. (6.58)

128



6.4 Experimental Studies at KVI

Figure 6.7: Cross Ratio asymmetry for the IBP 2007 measurements at the KVI for

18◦. Deliberate displacements were inflicted on the beam and the effect measured.

The solid curve shows the model prediction.

From these results, the values for the asymmetry A and its derivatives A′/A and

A′′/A can be determined using equation 6.49 and the relation between x/R and

θ given in equation 6.43. The same parameters were also predicted using the

scattering model introduced in chapter 4. The various predictions are presented

in table 6.5.

Table 6.5: Predictions of the values for A’/A and A”/A obtained from a fit to

the data and from the scattering model introduced in chapter 4.

Angle [◦] A′/Amodel A′/Adata A′′/Amodel A′′/Adata

18 0.2514 0.25371(2) 0.0486 −0.018142(8)

28 0.0843 0.06084(1) 0.0139 0.001492(4)

38 0.0239 −0.00887(3) 0.0093 −0.00214(1)

48 0.0085 −0.00031(3) 0.0037 0.004827(9)

The shift in the minimum of εLR visible in figure 6.7 comes from the uθ term
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Figure 6.8: Cross Ratio asymmetry for the IBP 2007 measurements at the KVI for

28◦. Deliberate displacements were inflicted on the beam and the effect measured.

The solid curve shows the model prediction.

and the curvature from the θ2 term. For each case, the average asymmetry was

adjusted to best reproduce the data. Both the linear dependence on ∆x of ALR

and the quadratic dependence of εLR could be predicted quantitatively to within

10%. As previously mentioned, the development of the dEDM polarimeter focuses

on identifying these effects and establish a correction method to eliminate them

or reduce them as much as possible. The use of the cross-ratio method strongly

reduces the sensitivity to shifts/rotations of the scattering vertex. To reduce

the sensitivity of systematic effects even more an independent measure of their

strength is crucial. The ζ parameter introduced in equation 6.15 was calculated

for the 2007 KVI data. The result for a scattering angle of 18 ◦ is shown in figure

6.9.

A clear correlation between the horizontal displacement of the beam and the

zeta-parameter is visible. The zeta parameter can thus be used as a measure of

the displacement. This is of particular interest in the final dEDM experiment
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because knowing the precise beam location with sufficient precision will not be

possible by other means. Instead the correlation between ALR, εLR and ζ can be

used. An example of this is shown in figure 6.10. In practice, a set of relations

Figure 6.9: Error-parameter ζ for the IBP 2007 measurements at the KVI for

θ =18◦. Deliberate displacements were inflicted on the beam and the effect mea-

sured.

between εLR and ζ measured for this or the EDM polarimeter could be used in

real time with the index ζ to calculate a correction to the measured cross ratio.

This could take out such systematic effects, even if the dependence on ζ is higher

than second-order.
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Figure 6.10: Cross Ratio versus ζ-parameter for the IBP 2007 measurements at

the KVI for θ =18◦. Deliberate displacements were inflicted on the beam and the

effect measured. The error bars are multiplied by a factor 10 to be visible.
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6.5 Experimental Studies at COSY

Also in the experiments at COSY the sensitivity for beam positions shifts and

beam rotation was investigated. The equilibrium orbit of the beam at the EDDA

location was modified by a combination of four dipole magnets. In this way

the position and rotation of the beam could be set independently. The position

and angle shifts where calibrated using beam position monitors (BPMs). The

BPMs have a relative position uncertainty of 0.1mm and an absolute position

uncertainty of approximately 0.5mm.

In all cases the square carbon aperture was used. The beam was extracted either

on the horizontal or vertical edge by applying the appropriate noise. Systematic

effect studies were hampered by an instability in the beam polarization which

originated from an instability at the source. The effect from fluctuations in the

polarization of the beam were larger than the expected effects in εLR. Therefore

only results for ALR are shown.

6.5.1 The role of Betatron Oscillations

A first observation involves the role of betatron oscillations. Beam particles ex-

hibit betatron oscillations about the equilibrium orbit. For a system where no

heating mechanism is imposed, the amplitude of these oscillations are limited by

the acceptance of the carbon target. The maximum amplitude of the beam is

given by the minimum distance between the beam equilibrium position and either

the left and right edge of the target or the top and bottom edge for horizontal

or vertical extraction, respectively. If the equilibrium orbit is displaced from the

center of the target to either side the maximum betatron amplitude will in both

cases be reduced.

When a heating mechanism is imposed on the beam, the average amplitude of the

betatron oscillation about the equilibrium orbit grows slowly. The displacement

of a particle at the location of the target as a function of time t is then given by

x(t) = x∆ + (A0 + ∆A(t)) sinωt (6.59)

with x∆ the displacement of the equilibrium orbit, A0 the initial betatron am-

plitude, ∆A(t) the time dependent change in the betatron amplitude and ω the
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betatron oscillation frequency. The involved quantities still need to fulfill the

requirement

|x∆|+ |A0|+ |∆A(t)| < D/2 (6.60)

with D the distance between the two edges. This means that for a displacement

x∆, the maximum betatron amplitude is given by

A0 + ∆A(t) < D − |x∆|. (6.61)

For a fixed x∆ the particle will always be extracted on the side closest to the

equilibrium orbit of the beam and never make it to the other side of the target.

If the equilibrium orbit is the same for all beam particles they are always extracted

on the target edge closest to the beam center. As a consequence the position of

the scattering vertex will show a discontinuity when sweeping the beam from one

side of the aperture to the other. If the equilibrium orbit exhibits dispersion or

chromaticity or non-linear effects in the betatron motion this discontinuity will

smooth out. An illustration of this effect is shown in figure 6.11 where the ζ

parameter is plotted against the beam displacement. A horizontal scan of the

beam was performed with horizontal white noise extraction. It can been seen

that the extraction starts on one of the sides and then gradually shifts towards

the other side. A more pronounced step is visible for vertical displacements when

extracting the beam on the top or bottom of the target (see figure 6.11). The slope

of ζ with respect to ∆x is maximal for ∆x = 0. Centering the beam with respect

to a double sided target thus maximizes the sensitivity to beam displacements.

To eliminate this sensitivity a single sided target should be used or the beam

should be centered considerably closer to one side than to the other.

6.5.2 Sensitivity of ALR to Beam Shifts and Rotations

In figure 6.12 the vector asymmetry ALR and the tensor asymmetry AT are shown

for eight different beam displacements ranging from -4 to +4mm. Each entry

corresponds to a single measurement of 100ms. The five different polarization

states of the beam are clearly recognizable. These states were calibrated using

the low energy polarimeter. The observed pattern persists independent of the

displacement of the beam. For these measurements the beam was extracted on
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Figure 6.11: Error parameter ζ as a function of horizontal (top panel) and vertical

(bottom) beam displacements. Horizontal (top panel) and vertical (bottom panel)

white noise was applied to extract the beam.

the top and bottom edge of the target by applying vertical white noise. For each

fill of COSY the polarization state is known so that the corresponding vector

asymmetry can be calculated. In figure 6.13 a summary of the vector asymmetry

ALR is shown for each of the five polarization states for a beam displacement of

-4 and +4mm and five beam angles ranging from -5 to +5mrad. In particular

for the V + and T+ states large deviations from an otherwise smooth trend are

visible. These are caused by the instability of the source. A predominantly linear

dependence of ALR on the beam angle is visible. This dependence is similar for

all five polarization states (see Appendix 3). This confirms the model prediction

that the systematic effect is mainly driven by the derivative of the cross section.
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Figure 6.12: Each individual plot shows the distribution of measured vector and

tensor asymmetries for 100 ms 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). From top to

bottom the beam was displaced horizontally by -3, -2, -1, 0, 1, 2, 3 and 4 mm. For

different beam offsets a visible difference in vector asymmetry occurs, whereas the

tensor one remains unchanged.
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Figure 6.13: Left-right asymmetry for the different polarization states for both

displacements and rotations. Open and closed symbols represent horizontal dis-

placements for extraction on the right side of the target (closed) and right side of

the target (opened). The different symbols represent different rotations between

-5 (star) and 5mrad (square). The index parameter represents different sets of

measurements.
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6.6 Results on the Selectivity Studies

The selectivity of the polarimeter, or in other words, its resistance against sys-

tematic effects was addressed. Traditionally the asymmetry in the counting rates

observed in two detectors placed to the left and the right of the beam ALR consti-

tutes the signal for the vector polarization of the beam. Of particular interest is

the resistance against variations of the position of the scattering vertex. Studies

in which the location of the scattering target was systematically displaced have

shown that this asymmetry has a predominantly linear dependence on displace-

ments of the scattering vertex.

An improvement to the left-right counting rate asymmetry ALR is the Cross Ratio

method. In this method the rates for the left and right detectors are combined for

two oppositely (vector-)polarized beams to form the cross ratio εLR. Its robustness

lies in the fact that it eliminates the dependence on solid angle and luminosity

and that the first order dependence on many other systematic effects are canceled.

Measurements performed at KVI confirmed the expected presence of a quadratic

dependence of εLR on scattering vertex displacements.

An improved analysis strategy was formulated by introducing the ζ-parameter.

It combines the same data used for εLR such that it has little sensitivity to

beam polarization while amplifying its sensitivity to beam perturbations. This

parameter thus provides an independent measure of such perturbations. After

calibration it can be used to correct systematic effects.

An analytical model was developed that parameterizes the left-right asymmetry

ALR, the cross ratio εLR and the ζ-parameter as functions of scattering vertex

displacements or rotations. This model predicts that systematic effects in ALR

are mainly determined by the θ-derivative of the cross section, whereas εLR is

mainly determined by the θ-derivative of the analyzing power.

For quantitative predictions the scattering cross section and analyzing power are

needed. For the studies performed at KVI such data were available. Using these

data the observed results for εLR could be confirmed to within 10%. Similar

studies were performed at COSY. For the energy used at COSY the scattering

cross section and analyzing power are not sufficiently well known to make detailed

predictions. The effects seen at KVI were therefore only qualitatively confirmed in
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a storage ring environment. These studies also showed that the centroid position

of the beam is not sufficient to describe the observed systematic shift in εLR. Also

the motion about the equilibrium orbit must be taken into account.
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