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Chapter 4

Novel Polarimeter Concept

The measurement of the deuteron EDM requires a polarimeter that can contin-

uously track the evolution of the spin. It may not affect the spin evolution. The

EDM signal is very small. Therefore the polarimeter must have great statistical

sensitivity and little systematic sensitivity. In this chapter we present a novel

concept for a highly efficient continuous polarimeter that meets these criteria. It

merges the strengths of several existing polarimeter concepts. A schematic view

of such a polarimeter is given in figure 4.

Figure 4.1: Scheme of a continuously monitoring dEDM polarimeter. The circu-

lating deuteron beam passes a gas target where Coulomb scattering increases the

beam emittance. The edge of the beam is intercepted at a thick analyzer target.

Particles scattered over a large angle are registered in a segmented detector. [78]
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4.1 Extraction Method

Deuterons that are stored in the ring interact with a thin gas target. Due to the

Coulomb interaction the average amplitude of the beam oscillations about the

equilibrium orbit will increase. Those particles that have the largest oscillation

amplitudes will be intercepted by the analyzer target. This target is designed to

be the limiting aperture in the storage ring. The deuterons that miss the analyzer

target thus stay in the ring. The probability for nuclear scattering in this target is

enhanced by making it very thick. The spin dependence in nuclear scattering will

result in an asymmetry in the reaction products. These products are detected in

a segmented detection system that is able to resolve this asymmetry.

In the next sections, the three main elements of this concept, namely extraction

method, analyzer target and particle detector will be discussed.

4.1 Extraction Method

Slow extraction from circular accelerators or stretcher rings is generally realized

by resonant excitation of the horizontal and vertical oscillations about the stable

orbit (betatron oscillations) [79, 80]. At resonance the displacement of a particle

from the beam center slowly grows. The affected particles are further separated

from the remaining beam by an electrostatic deflector or septum magnet. Long

spill times are obtained by exciting non-linear resonances.

The displacement growth is fully determined by the layout of the magnetic ele-

ments of the storage ring. The original particle properties, i.e. its location in six

dimensional beam phase space, can thus be strongly correlated with the time at

which the particle will reach the extraction point. In a practical storage ring it is

unavoidable that there is a correlation between the spin and beam evolution. This

connection between time and beam phase-space may lead to a false EDM signal

because the EDM signal is a time-dependent growth of the vertical polarization

component. For the same reason scraping the outer edge of the beam by slowly

steering the beam into an analyzer target is undesirable. A less deterministic

sampling mechanism should be employed to probe the beam phase space more

uniformly.

Two possible routes for random, i.e. non-deterministic, emittance growth were

identified. The first is based on the interaction between the beam and residual
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4.1 Extraction Method

gas in the storage ring. The second employs random kicks. Both mechanisms

were studied at COSY-Jülich and are presented below.

4.1.1 Extraction via Gas Interaction

Particles in a ring are naturally displaced from their equilibrium orbit due to

the interaction with residual gas. By controlling the amount of residual gas in

a ring, the emittance growth and thus the beam lifetime can be controlled. For

this reason the background pressure in experimental storage rings is usually kept

very low. Beam lifetimes of hours have been obtained for background pressures of

10−7 mbar [81]. In the dEDM experiment the goal is to extract the beam in 100

to 1000 s. Much higher gas pressure is then necessary. This can be accomplished

in a controlled way using a gas jet.

Gas targets are frequently used for continuous polarization experiments in storage

rings. Such targets have densities of the order of 1015 particles/cm3 [82]. At such

densities only a few particles will interact in a single pass of the beam. The

predominant process affecting the interacting particles is Coulomb scattering of

the atomic electrons which has a cross section of the order of hundreds of barns

and is strongly peaked at small scattering angles below 5 degrees [83].

The deflection in a single pass through the gas target is randomly distributed.

It is on average considerably smaller than the typical acceptance of the storage

ring [84]. A particle may thus stay in the ring for many revolutions and interact

many times with the gas target. Over time, a particle will perform a random

walk in the (x, x′, y, y′) beam phase space. Here, x (y) represents the horizontal

(vertical) spatial deviation and x′ (y′) the horizontal (vertical) angular deviation

of the trajectory with respect to the equilibrium orbit. Eventually the particle

will be intercepted by an aperture, in our case the analyzing target.1. If that

happens, the particle is lost from the storage ring.

A gas target provides a uniform sampling method. Coulomb scattering only

depends on the energy of the incoming particle. In the dEDM experiment the

circulating deuteron beam is expected to have a momentum spread below one

per mill. This energy dependence is therefore of no consequence. To obtain a

1This is a variant of the classical problem in statistics known as ”the Gambler’s ruin”.
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4.1 Extraction Method

large deviation from the average beam position many interactions are necessary.

The random walk also largely decouples the initial particle conditions from the

moment it hits the analyzer target.

Exploratory studies of this extraction method have been performed at COSY-

Jülich. A square aperture of 1.5 cm length was inserted at the location of EDDA

(see figure 3.5). The opening of 20 by 15 mm of this aperture is much smaller

than other apertures in the ring and thus defines the acceptance of the ring. Its

dimensions were chosen to accommodate typical beam motion during injection

and acceleration in COSY. The beam was carefully centered with respect to the

aperture. For this the stored beam intensity was measured as a function of beam

displacement. In normal operation of COSY the beam lifetime can be larger than

one hour [80]. Placing the aperture into COSY did not noticeably change this.

The WASA pellet target was used to slowly heat the beam (see figure 3.5) [82].

The pellets are produced by breaking up a liquid jet into equally sized and spaced

droplets, which are frozen by the injection into vacuum. The pellets have a

diameter of 30 µm, a speed of about 60 m/s, and are produced at a rate of about

7× 104 per second [82]. The density of frozen hydrogen or deuterium is 5× 1015

atoms/cm2.

For this study the gas target thickness was increased up to its maximum of 1014

nuclei/cm3. During the observation time of several minutes no difference in beam

lifetime was observed. Only when the beam would be initially positioned within

a few mm of one of the carbon surfaces a decrease in beam lifetime could be

observed. This indicates that the initial beam size is considerably smaller than

the aperture. No beam losses will occur as long as the beam does not touch the

aperture. How long this takes depends not only on the magnitude of the average

angular deflection, but also on the distance between the edge of the injected beam

and the aperture.

For further studies an extraction time of the order of 60 seconds was needed.

For the used setup, with the beam centered at the analyzer target, the cluster

gas target was too thin to introduce a visible difference. It is expected that the

extraction time does not only depend on position of the beam with respect to

the aperture, but also on the shape of the beam. Both are still unknown for the
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4.1 Extraction Method

dEDM experiment. This method of slow extraction was therefore not investigated

in more detail.

4.1.2 Stochastic Slow Extraction

The interaction of the circulating beam and residual gas in the storage ring leads

to a random walk through particle phase space. This desirable feature can also be

accomplished in a more controlled way by using a kicker system fed with a noise

signal. This method is known as stochastic slow extraction and was proposed by

Simon van der Meer in 1978 [85]. It was first used to extract anti-protons from

the Low Energy Anti-proton Ring (LEAR) at CERN in Geneva, Switzerland.

More recent applications can be found at COSY [86] and the 70 GeV proton

synchrotron at the IHEP in Protvino, Russia[87].

In essence, this method works the same as the one described before. In each

passage of the kicker device the beam will experience a small random deflection.

The accumulation of many such deflections will increase the betatron oscillation

amplitude. An important difference compared to gas extraction is that all par-

ticles will experience the same kicker field and thus the same deflection. This

can introduce a coherence in the betatron oscillations. Whether this coherence is

important requires detailed beam simulations, which are outside of the scope of

this thesis.

Also stochastic extraction has been tested at COSY. As in the gas extraction test,

the beam was centered at the same square aperture. The electric corrector kicker

that is part of the stochastic cooling setup was used to supply random kicks [88].

The device contains electrodes both in the horizontal and vertical direction. The

voltage on the horizontal and vertical plates can be controlled independently. This

makes it possible to set up horizontal, vertical or combined emittance growth.

A digital signal generator was used to create a band-width limited white noise

spectrum (centered at 1.2MHz with a 160 kHz bandwidth). This spectrum over-

laps with the beat-nodes of the revolution frequency of COSY and the horizontal

and vertical betatron frequencies (approximately 3.5 times the COSY revolution

frequency of 880 kHz). The amplified signal can then be send to either the hor-

47



4.1 Extraction Method

Table 4.1: Time and rate of maximum extraction and decay constant for t =

[30, 40] s for varying horizontal beam displacements at a fixed noise power of

1.4% on the horizontal kicker plates.

∆x [mm] Tmax [s] Rmax [kHz] Decay Constant [s]

-4 0 8.65 6.9

-2 9 1.83 37.0

-1 16 1.23 46.5

1 19 1.12 48.7

2 19 1.17 55.9

4 7.5 1.95 29.5

6 0 4.76 14.4

izontal, the vertical or both pairs of electrodes without changing the settings of

the signal generator.

By adjusting the gain of the amplifier the extraction time was varied. At 4%

of the maximum power output 80% of the beam was lost during a 62 second

beam store. For this test the vertical plates were connected. Similar results were

obtained for the horizontal plates around 14% of the maximum power output.

In the gas extraction test it was found that the positioning of the beam had a large

effect on the extraction rate. The effect of the positioning was studied in more

detail using horizontal stochastic extraction. After injection and acceleration at

the nominally centered position, the beam was moved sideways. The extraction

rate was determined using the EDDA detector and by monitoring the circulating

beam current. A detailed discussion of the experimental setup can be found in

the next chapter. Data taking started 5 seconds after injection to avoid flashes

in the counting rate due to transient effects in the beam when steerer magnets

are switched on an off.

In fig. 4.2 the extraction rate is shown as a function of time in the store.
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4.1 Extraction Method

Figure 4.2: Beam extraction rate as a function of the time in store. For a centered

beam (top panel), the extraction rate is at first linear. After reaching a maxi-

mum rate between 15 and 20 seconds it starts to decrease. Three different beam

displacements are shown: -1, 1 and 2 mm. For a beam closer to the side of the

target (middle panel) the extraction happens faster, reaching the maximum rate

between 5 and 10 seconds. Two different beam displacements are represented: -2

and 4 mm. For a beam very close to the edge of the target (bottom panel) the

extraction starts immediately and decreases exponentially. Two different beam

displacements are depicted: -4 and 6 mm.
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4.2 Analyzer Target

For a beam near the center of the target (displacement -1 to +2 mm) the ex-

traction rate initially grows linearly. It reaches a maximum rate of 120 kHz near

15 to 20 seconds and then starts to decline. Displacing the beam further to the

sides (displacement -2 and +4 mm) leads to a faster extraction. The maximum

is reached between 5 to 10 seconds. The maximum extraction rate (200 kHz) is

correspondingly higher. Moving the beam very close to the edge of the target

(displacement -4 and +6 mm) leads to an instantaneous start of the extraction at

an initial rate of 500 (∆x = +6 mm) to 900 kHz (∆x = −4 mm). The extraction

rate falls off exponentially with a lifetime of 6.9 s or 14 s (with an error below

10ms) for ∆x of -4 and +6 mm, respectively. In tab. 4.1 all results are collected.

These results support the earlier conclusion that the beam is small and does not

fill the aperture at injection time.

4.2 Analyzer Target

The choice of the analyzer target is focused on three aspects: location in the ring;

geometry; material composition.

4.2.1 Location

As described in the previous section, beam extraction is to take place by emittance

growth, leading to the eventual interception of a particle by the analyzer target.

The target should be placed at a location in the storage ring where the envelope

of the betatron oscillations is large. At this location the effect of the angle kick

provided by either the gas target or stochastic kicker is maximally visible in the

displacement of a particle. In this way it becomes easier to make the analyzer

target the defining aperture.

In the final dEDM experiment the location of the analyzer target should be

optimized. For this detailed beam dynamics simulations of the final storage ring

layout are necessary. This is beyond the scope of this work.

For our extraction and detector studies at COSY (see above and next chapters)

we used the EDDA detector. Hence the target location was fixed by the existing

facilities. At this location the beam has a waist, i.e. it has maximal divergence
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4.2 Analyzer Target

and a (local) minimum in the betatron oscillation envelope. Nevertheless, the

analyzer target was still the limiting aperture of the storage ring. This was shown

by finding the maximum beam excursion at the location of the target for which no

noticeable beam losses occurred with and without the analyzer target. With the

target in place, the beam can be moved horizontally by approximately ±5mm

and ±3.5mm before losses occur. Without target no losses could be observed

over twice that range. This range was limited by the magnet power supplies used

to create local displacements.

4.2.2 Geometry

The original concept contained a tube shaped target as depicted in figure 4.

Particles that hit the target would undergo large angle nuclear scattering. Those

that do not and emerge at the back end of the target are sufficiently perturbed

due to, e.g., multiple Coulomb scattering and energy loss, that they can no longer

be stored and are lost elsewhere in the ring. All the particles that go through the

hole remain in the ring for the next measurement.

Optimization of the target geometry concerns mostly the thickness of the target

along the beam. The thickness of the target determines the probability for un-

dergoing a nuclear reaction useful for measuring the beam polarization. It thus

directly affects the efficiency of the polarimeter. To first order the probability for

undergoing a rare reaction is proportional to the thickness of the target. How-

ever, because of energy loss and other reactions, optimization becomes a highly

non-linear problem. It will be discussed in detail in the next chapter.

In ultra slow extraction the displacement of the particles from the beam center

will grow very slowly. As a consequence the particles will hit the front face of the

target very close to its inner edge. The distance to the edge cannot exceed the

increase in betatron amplitude per turn. Maximum depth is obtained by those

particles that graze the inner surface in the last few turns prior to the one in

which it hits the target. An order of magnitude estimate of the step size per turn

δx can be made from the time needed to reach maximum extraction (see table

4.1). As long as there is no significant extraction the variance in x of the injected
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4.2 Analyzer Target

beam will grow linearly with time as σ =
√
nδx. From this,

δx =
∆x√

fCOSYTmax

' 1µm (4.1)

with fCOSY = 880 kHz the revolution frequency of the deuteron beam in COSY.

Scattering will thus take place from the inner 1µm thick layer of the target. The

interaction vertex is thus very well defined. Most importantly it does not depend

on the beam and is fully determined by the mechanical properties of the target.

In each dimension only one of the two edges (left or right, top or bottom) can be

reached. This is because the particles oscillate about the equilibrium orbit of the

storage ring. The minimum distance of the beam center to either side determines

the maximum oscillation amplitude. The oscillation frequency in COSY is about

3.5 times the revolution frequency. It thus takes only a few turns to reach both the

maximum left and right (or top and bottom) deviation. In these few turns, the

increase of the oscillation amplitude is insufficient to cover typical misalignments

of the beam with respect to the target. An ”L” shaped target would thus suffice.

Keeping a tube has the advantage that by shifting the beam position extraction

on either side can be selected without changing any hardware.

4.2.3 Material

The dEDM polarimeter concept relies on the spin dependence of nuclear scat-

tering. Hence the target material must be selected based on the reaction cross

section and the analyzing powers. In the next chapter the choice of target material

is discussed in detail.

This selection cannot be made without considering the acceptance of the detecting

system. Several engineering constraints should be considered as well. As shown

above the penetration depth of the particles hitting the target is only of the

order of 1µm. This means that the target material must be solid under normal

operating conditions. Liquid or gaseous materials would need a container. The

wall of this container would have to be substantially thinner than the typical

penetration depth, which is practically impossible.

The target is placed directly into the storage ring. This means that it must be

vacuum compatible. It may not evaporate nor show excessive out-gassing.
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4.3 Detector

A final condition is imposed by the experimental method. The spin precession

rate of the particle in the ring is extremely sensitive to perturbations in the

electric and magnetic field. It should thus be avoided that the target charges up

and creates a local electric field. Practically this means that the target should be

made out of conducting material and be grounded.

4.3 Detector

The ideal detector fully reconstructs all the (nuclear) reactions occurring at the

analyzer target. This includes the reconstruction of the four momentum of the

incoming and scattered particles as well as the interaction vertex. Impressive ex-

amples of detectors capable of this can be found for example at RHIC (Relativistic

Heavy Ion Collider) at Brookhaven National Laboratory, LEP (Large Electron-

Positron collider) at CERN Geneva and SLAC (Standford Linear Accelerator

Center). Such complex devices are not feasible for the dEDM experiment.

The minimal functionality of a polarimeter based on nuclear scattering is the

reconstruction of the azimuthal angle. The polarization of the incoming beam

manifests itself as a variation of the scattering rate with this angle (see section

3.2). For a point target such a variation would be detectable using a detector

segmented along the azimuth placed at some distance from the target. In our

case an extended target is used. This implies that the detector should be placed

at a distance from the target which is large compared to the target dimensions.

The IBP at KVI (see section 3.3.2 ) is an example of such a configuration.

Reaction cross sections and analyzing powers strongly depend on the scattering

angle θ. The θ acceptance and segmentation of the detector can be used to opti-

mize the performance of the detector. Scattering angles with high cross section

and low analyzing power can for example be excluded by limited the acceptance.

By segmenting the detector data for angles with large but opposite analyzing

powers do not have to be combined avoiding lower analyzing power. Alterna-

tively tracking devices such as wire chambers could be used. In POMME (see

section 3.3.1) wire chambers were placed before and after the scattering target to

measure the azimuthal and scattering angles.
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In a similar way the energy acceptance and resolution can be used to include or

exclude specific reaction channels. A detector capable of particle identification

would make it possible to further optimize the selection of contributing reactions.

For example, the iron absorber in POMME limits the energy acceptance and the

phoswitch construction in the IBP makes particle identification possible.

In the projected dEDM experiment the polarimeter will have to endure a very

high counting rate. It is projected that around 1013 particles will be stored in the

ring. The majority of these particles will be extracted over 1000 s which amounts

to an instantaneous rate of the order of 1010particles/s at the analyzer target.

The goal is to reach a polarimeter efficiency of the order of one percent. The

detector rate may than be as high as 108particles/second. This places limitations

on the technology that can be employed and the amount of information that can

be recorded. Consequently, the detector may have to act as a black box detector,

in the sense that it integrates or averages over some of the possible observables,

retaining a minimum of information.

Three different detector types are being studied for use in the dEDM experiment.

For the work described in this thesis a segmented scintillator detector was used.

Other detector studies are focused on the use of tracking detectors based on

Multigap Resistive Plate Chambers (MRPC) [89] and Micro Pattern Gaseous

Detectors (MICROMEGAS) [90].
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