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Chapter 1

Introduction

1.1 Generalities

In probing fundamental properties of nuclei and the nucleon and corresponding theoretical
models, electron beam accelerators are an essential tool. The latest class of experiments
to test QCD based models require a spin polarized beam and/or target because spin ob-
servables are sensitive to details normally not accessible when using an unpolarized beam.
New polarized electron sources based on photoemission from strained GaAs are capable
of producing significant current of electrons polarized up to 85 % and open up the possi-
bility to measure the spin observables which will significantly improve our understanding
of nucleons and nuclei.

Taking the full advantage of a high quality polarized electron beam requires to measure
its polarization with the same quality. A common technique, electron-nucleus or Mott
scattering, is used at energies below 1 MeV, where the cross-section is relatively large.
This technique is most often used to measure the polarization before passing the electrons
to the main accelerator. It suffers from relatively large systematic errors [F186] and
polarization changes caused by the transport in the main accelerator remain undetected.
Performing an accurate polarization measurement needs to be done at the final electron
energy directly before the experiment.

Measuring the spin polarization of a high energy electron beam can be done using the
following techniques:

e Electron — photon scattering (Compton back-scattering)

e production of synchrotron radiation (by deflection of the beam)

e Electron — electron scattering (Mgller scattering)
The first technique, Compton back-scattering is ’non-destructive’ and therefore can be
performed in parallel with physics experiments. The draw back is a very small rate of
detected photons. For high beam intensity machines (such as SLC) or storage rings (such

as HERA) the Compton back-scattering technique has been used successfully. A priori a
very accurate measurement is possible.
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The second technique, production of synchrotron radiation, suffers from the same disad-
vantage; due to the very small cross-section a high beam current is required which most
polarization experiments exclude. Up to now no experimental experience has been gained
but from the theoretical point of view a precision measurement is possible.

The third, most established, way is by electron — electron or Mgller scattering which has
been used under many situations and over a wide range of energies, see Table 1.1. Beam
electrons scatter off the polarized electrons of a thin magnetized ferromagnetic foil. The
foil polarization is conventionally determined with a flux measurement which is limited to
an accuracy of about 2% [Fe96]. This third type of polarimetry is discussed in this thesis
and a novel system to reduce the error in the knowledge of the target foil polarization is
introduced.

1.2 Theoretical considerations

As Mgller polarimetry is based on € + € — e + e scattering, a pure QED process, the
cross-section can be calculated to very high precision. For the relevant longitudinal spin
orientations ' the center of mass (CM) cross-section is expressed as:

d_O'_dO'o
dQ  dQ

1+ PLPEA;5(0)] (1.1)
where Cg‘;; is the unpolarized cross-section, A;7(d) the analyzing power, P} and P2 the
longitudinal target and beam polarization respectively. One can effectively measure the
beam polarization by comparing the cross-section asymmetry for beam and target spins
aligned parallel and anti-parallel:

doll _ dolt
aa T aa

_7
99

At 90 degrees (CM), the analyzing power is large, Azz =

Cg‘;; lab:179 mbarn. Further, these quantities are energy independent for large ~ (mfcz)

[Fe96).

and so is the cross-section,

The main background sources are: the radiative tail of electron-nucleus scattering from
the nuclei in the Mgller target foil, and low energy electrons and photons produced in
bremsstrahlung related processes in the foil and vacuum windows.

Only recently was it realized [Le94] that the atomic motion of the bound target electrons is
significantly affecting the analyzing power of a Mgller polarimeter. In fact the momentum
distribution (p;) of the target electrons modifies, and thereby introduces an uncertainty

to, the lab scattering angle [Sw95]: 6’ = 6,4/1 + ’;t—f, an effect whose scale is determined

'In experiments using polarized high energy electrons, only the longitudinal electron polarization is of
interest. Transverse polarizations are suppressed by the Lorentz factor % [Do86]. Therefore experiments

with polarized electron beams will be done with longitudinal polarization.
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by the electron mass! The inner shell (unpolarized) electrons have much larger momenta
than those in the outer shells (the electrons carrying the polarization). As a result, a
detector which resolves the § angle of the scattered electrons has a different acceptance
for scattering off a polarized versus unpolarized target electron.

1.3 Some previous measurements

There have been many Mgller polarimeters over the years, see Table 1.1. Starting with
single arm measurements the development turned to the coincidence mode which signi-
ficantly reduced the background. New detectors which provided accurate timing and
energy information again improved the situation. Common to all of these polarimeters
was the technique used to measure the target polarization, which nowadays contributes
the largest error. Below I discuss some measurements which illustrate the development.

P.S. Cooper performed the first polarization measurement using Mgller polarimetry at
high energies (several GeV) [Coo75]. This was a single arm measurement using a high
resolution spectrometer. This measurement, with an error of 4%, was for more than a
decade the most accurate one. The motivation of this work was to demonstrate the tech-
nique of Mgller polarimetry and to investigate the spin-dependence of a purely quantum
electrodynamic (QED) process. The experiment served as a check of spin-dependence in
QED which before had not been studied at energies above the muon decay [Sc67].

B. Wagner performed systematic studies using Mgller polarimetry [Wa86]. In order to
reduce the background he detected the two electrons in coincidence. As detectors gas
Cerenkov counters were used which allow only discrimination against slow particles. Wag-
ner’s Mgller polarimeter was the first one operating in coincidence mode at a small duty
cycle.

In 1995 the Basel group performed high precision polarization measurements at SLAC
[Fe95]. To reduce the contribution of low energy background events, lead glass total
absorption counters were used in coincidence mode. The low duty cycle of the SLAC
machine resulted in a very high instantaneous rate, which required segmented detectors
and fast electronics. A final uncertainty in the order of 2% was achieved. The main
contribution came from the uncertainty of the Mgller foil polarization.

Comparing beam polarization measurements performed in the past shows, that not a lot
of progress has been made until recently. A list of polarization measurements performed
in the past is given below.
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Max. detectors Uncert.

Year Facility Epeam (GeV) | Limitation | Single | Coinc. | AP/P Ref.

1975 SLAC 19.4 foil/stat/bck Vv 4% [CoT5]
1976 | SLAC-E80 12.9 foil/stat /bck Vv 12% [AL76]
1978 | SLAC-E122 22.2 foil/stat/bck Vv 5.5% | [Pr78]
1982 | SLAC-E130 92.7 foil /stat Y | 4% | [Bas3
1984 Bonn 2.0 stat Vv 12% [Br85]
1986 Mainz 0.071 — 0.35 foil /stat Vv 4% [Wa90]
1990 | MAMI | 0.185 — 0.84 | foil/bck Y 1% | [Wa90]
1992 Bates 0.574 stat/bck Vv 12% [Ar92]
1992 | SLAC-linac 46.6 foil/bck Vv 4.2% | [Sw95]
1993 | SLAC-E142 26 foil/bck Vv 4% [An93|
1995 Bates 0.868 stat/bck Vv 5% [Be95]
1995 | SLAC-E143 29 foil YV 2% | [Fe97]

Table 1.1: Previous polarization measurements. Limitations: foil = Mgller target polari-
zation, stat = statistics, bck = background.

In the latest measurement the error of the Mgller target polarization dominated. In this
thesis we especially address this problem. A new method of magnetizing a ferromagne-
tic foil and surveying its magnetization is discussed. This reduces the error of the foil
polarization to below 1% and a final accuracy of the beam polarization measurement of
better than +1% can be reached. Besides that, a special magneto-optic setup allows for
measurements of the polarization over a very wide energy range (1 — 6 GeV) at currents
starting from a few 10 nA up to 50 pA. Up to now, no polarimeter has been able to cover
such a large energy and current range.



Chapter 2

Lay-out of the CEBAF polarimeter

The requirements for the planned experiments employing polarized beam differ in many
ways and so do the ones for the beam line polarimeter. To become the standard tool
for polarization measurements at CEBAF hall C the following aims and capabilities were
required:

e Measurement of the beam polarization with a relative error of less than 1%

e Beam currents from 10 nA up to 50 pA, without loss of accuracy due to heating up

of the foil.

e Beam energies from 1 GeV to 6 GeV.

Acceptable measuring times for low currents.

One setup with fixed target and detector positions for the whole energy range.

e Provisions for easy adjustments and cross checks.

To reach the goal of 1% relative error we built a coincidence polarimeter. Furthermore we
developed a new Mgller target, an iron foil polarized out of plane. Finally the polarization
of the Mgller target will be surveyed online with a laser system.

2.1 Polarimeter optics

The standard setup of Mgller polarimeters involves a single quadrupole between the Mgller
target and the detectors, similar to the setup shown in Figure 2.1. The quadrupole is
used to get some additional separation between the main electron beam and the Mgller
electrons. Scattering angles for different beam energies are given in Table 2.1.

As pointed out in the list of desired capabilities given above, a fixed target and detector
position was required as neither the target (superconducting magnet plus laser system)

5
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Epeam (GeV) | scattering angle (lab) || Egcam (GeV) | scattering angle (lab)
1 1.83° 2 1.29°
3 1.06° 4 0.92°
5 0.82° 6 0.75°

Table 2.1: Mgller scattering angles in the lab frame

nor the detectors (2 tons of shielding material) are easily movable. Additionally we need
vacuum up to the detectors which would make movable parts cumbersome and costly.
With this boundary condition and the desired energy range, simulations for just one large
quadrupole (the available Argonne quad) were made. The result was unsatisfactory as
explained below.

To get the largest separation the quadrupole was set as far away from the target as the 1
GeV rays allow, without hitting the quadrupole. The setup is shown in Figure 2.1.

detectors
target guadrupole

electrons )
beamline

240 cm 660 cm

Figure 2.1: Setup for just one quadrupole, using the Argone 10Q36 magnet

This setup does not produce much spread at higher energies. The distribution of the 90°
CM scattered Mgller electrons, which should form an ellipse on the x,y-detector plane,
collapses to a line for energies around 2 GeV as shown in Figure 2.2. In such a situation,
no positional information (derived from a hodoscope) can be extracted. Furthermore, the
distribution of electrons chosen by the acceptance of one detector becomes very large at
the place of the second detector. This requires one detector to be far bigger than the
other one, which worsens the signal to noise ratio.

Obviously, a setup with only one quadrupole can not produce the desired results. The-
refore a setup with two quadrupoles was simulated. Basically two quadrupoles are the
magnetic counterpart of a real optics lens. They can focus or defocus all electrons whereas
a single quadrupole focuses in one plane and defocuses in the other. Advantages of a two
quadrupole setup are:

e We can produce the desired elliptical shape (relation between the two half-axes) as
long as the strength of our magnets is sufficient. This allows an optimal hodoscope
resolution and an optimal signal to noise ratio over the entire energy range.
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e We can shift the second quadrupole further away from the target (maximal deflection
is reached when placed midway between target and detectors). The 1 GeV rays
(producing the largest angle) can be focussed by the first quadrupole through the
second one.

o We can accommodate accelerator upgrades: for energies higher than 6 GeV, one can
still use the polarimeter up to about 7.5 GeV by compromising with the hodoscope

resolution.
1 GeV beam energy 2 GeV beam energy
40 T T T 40 1 T T T
‘g 20 1 g2 :
3 L
= zZ
™ sl
2ol 1 E ol = =
s el
O O
e =
5 a0 | 1 B0l ]
4 20 r I r 1
=4O7””\””\‘H‘\“H\HH\HH’ =407‘”‘\‘H‘\HH\HH\HH\H“’
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
horizontal axis (cm) horizontal axis (cm)
40 4 GeV beam energy 6 GeV beam energy
T L T T

40

vertical axis (cm)
=)
T
L
vertical axis (em)
1)
T

-60 -40 -20 0 20 40 60 -60 —40 —-20 0 20 40 60
horizontal axis (cm) horizontal axis (cm)

Figure 2.2: Distribution of Mgller electrons around 90 degrees CM scattering angle in the
plane of the detectors for the one-quadrupole setup. For energies around 2 GeV a collapse
of the ellipse to a line occurs. The detectors are indicated by the polygones which are
placed 42 cm apart from the beam line

The final polarimeter design involves two quadrupoles where the small one is situated 1m
after the target and the large one 3.2m after the target, as seen in Figure 2.3.

target detectors

small large
quadrupole quadrupole

electrons

100cm‘ 220cm ‘ 780cm
\

beamline

Figure 2.3: Two-quadrupole setup employing a small quadrupole (10cm inner diameter,
25cm effective length, 0.4 Tesla tip field) and the larger 10Q36 Argonne quadrupole
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The simulation program Raytrace [Ray80] was used to show, that a satisfactory separation
between the 90° CM Mgller electrons and the beam line is possible. An ellipse with a
horizontal axis of 49 cm and a vertical axis of 17 cm can be achieved for all energies
between 1 and 6 GeV. The resulting Mgller electron distribution is shown in Figure 2.4
for two beam energies.

2 GeV beam energy
T T

-60

-40

—-20 0 20
horizontal axis (cm)

40

60

6 GeV beam energy
T T

-60

-40

—-20 0 20
horizontal axis (cm)

40 —_——— 40 —————
5207 B g207 B
£ 2
= o
5 ool 1 % of 1
= =
Q Q
£ £
020 B v -20 B
> >

_407 I I L I L _407 I I L I I

40

60

Figure 2.4: Distribution of Mgller electrons around 90 degrees CM scattering angle in
the plane of the detectors. The two-quadrupole setup allows us to produce a desired
distribution of Mgller electrons for all energies. A horizontal spread of 49 cm and a
vertical spread of 17 cm has been chosen. The detectors are indicated by the small

trapezoids and are placed 49 cm apart from the beam line

The chosen detector areas are shown in Figure 2.8. The optimized settings for the qua-
drupole currents are shown in Figure 2.5.

180 [ 1600
120 F 1400 |
(V) I [
5 E £ 1200 L
g 110 | g g
g [ F
< 100 F 5 1000 |
= E £ 800 f
+~ 90 - E
g F £ 600 [
5 80 L = F
g g 5 400 |
70 | 200 E
60: ol £ P R R SRR B

1000

2000

3000

4000

beam energy (MeV)

5000

6000

0 L
1000

2000

3000

4000

beam energy (MeV)

5000

6000

Figure 2.5: Quadrupole current settings: For both quadrupoles a B versus I calibration

was used to correct for nonlinearities (see also Table B.1).
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2.2 Detectors

The goal for our detector system is to achieve the best signal to noise ratio possible,
which is done by suppressing background as much as possible. In order to suppress
the Mott background we use two detectors in coincidence, Figure 2.3. A very narrow
coincidence time gate of 5 ns reduces the accidental background. Shower counters, which
also provide energy information, allow us to suppress any low energy background. A
hodoscope delivers position information which will be used for checks and adjustments
only. The basic arrangement of detectors and collimator is shown in Figure 2.6.

array of
photo multipliers

collimator shower

photo multiplier

16 channel lead glass
plastic hodoscope total absorption detector

Figure 2.6: Detectors: A lead glass total absorption detector gives timing and energy
information which is used for the main coincidence. The 16 channel plastic scintillator
hodoscope provides position information of the electron. This information is used for
checks and corrections only.

A Mgller electron pair is defined as a coincidence between the left and right lead-glass
detector. Mgller electrons separated 43 to 55 cm from the beam-line — corresponding to
83° to 97°CM scattering angle — are accepted. The detector acceptances are optimized
for minimum coincidence loss, a small Levchuk effect (see 5.3) and a maximum count rate
(chapter 5).

The lead glass shower counters provide accurate timing and energy information. To obtain
a good energy resolution requires the physical lead glass area to be about one Molliere
radius larger in width than the sensitive area. The acceptance is defined by collimators
placed directly in front of the detectors. To be less dependent on small mistunings in
beam or magnet settings one detector collimator is made larger. A small mistuning is no
more leading to a coincidence loss and cancels out to first order.
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A hodoscope is placed in front of the lead glass detectors and delivers position information
of the electrons. The hodoscope is segmented in 14 horizontal channels (different CM
scattering angle). Channels 3 and 12 are split vertically to provide some information on
the vertical distribution. The horizontal resolution was chosen to be comparable to the
FWHM of multiple scattering — the detectable lower limit.

The exact dimensions and acceptances of the Pb-glass and the hodoscope detectors are
shown in the following Figure 2.7.

14 hodoscope channels physical Pb—glass size 14 hodoscope channels
collimator acceptance (trapezoid)
/80 ‘
|
!
in T T
| B B
el o o N N el
B e
} BEEEEE ool L
[ N LLLLLLL+LLLLLLJ
]
[

split ‘ hodoscope channels

Figure 2.7: Actual sizes and acceptances of the detectors in mm. The two Hodoscopes
consist of 14 channels each. Channel 3 and 12 are split. The Pb-glass detectors need,
due to the process of showering, to be larger than the actual acceptances — both sizes are
shown.

Materials used:

The main detectors consist of a SF2 Pb-glas block (20cm - 14em -23em) from Schott. They
are coupled with a thermo plastic (melt mount) to a Philips XP4512B 5 inch 10 stage
photo multiplier (see Appendix D).

The hodoscopes are made from 8mm thick, 12mm wide and 80mm long BC 418 plastic
scintillators which are glued directly to 8mm Hamamatsu R 1635 photo multipliers.

10
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The distribution of coincidence events for the Pb-glass and the hodoscope detectors deri-
ved from the Monte Carlo simulation (Section 5), are shown in the following Figure 2.8.

g 40 5
o [ o
IS IS
g - g
IS IS
E ol £

-20

40 -

[ |
-600 -500 -400
detector left  (mm from beam)

g 7
o] [ o]
IS IS
gaor g
IS IS
E ol E

20

40 -

!
-600 -500 -400

hodoscope left (mm from beam)

'
o
I

-20

-40

400 500 600
detector right (mm from beam)

o
L I e L I L B B

400 500 600
hodoscope right (mm from beam)

Figure 2.8: Monte Carlo simulation of events at the detectors. Upper right: active area of
lead glass detector. Upper left: distribution of the corresponding coincident events. Lower
right: example of one hodoscope channel. Lower left: distribution of the corresponding

coincident events.
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Chapter 2. Lay-out of the CEBAF polarimeter

2.3 Electronics

An event is defined by a hardware coincidence between the two shower counters. This will
trigger the two-ECL discriminators and the fast memories in order to get the hodoscope
hit pattern. The logic diagram of this setup is shown in Figure 2.9. As the energy of the
two Mgller electrons always adds up to exactly the beam energy, we could make use of
that by suming the two signals and discriminating on the sum — another possibility for
the main trigger.

Pb glassleft —— FAN DISC

COIN SCALER

%

Pb glassleft —— FAN DISC

gate

%

hodoscope | eft

as1a 1949
AJO NN e}

hodoscope right

{ weIs/s uonsinbde eep }

as1a 1049
AJO N3N 1se}

Figure 2.9: Logic setup of the electronics: The hodoscope part is only used for checks or
verifications (e.g. alignment, quadrupole settings, Levchuk effect).

As the count rate is too high for an event by event read out, the shower counter coinci-
dences are accumulated in a scaler. The position information derived from the hodoscopes
is recorded in two fast memories which are read out after every 16K events. The two-
dimensional graph of hits in the hodoscope channels of the left versus the right arm should
show a diagonal ridge. Events at lower CM angle in one hodoscope should occur at higher
CM angle in the other hodoscope. The expected pattern for correct optics is shown in
Figure 2.10.

Standard electronics required for the shower counters:

2 fans, 2 discriminators and 2 quad majority logic units all NIM standard, which will fit
in a CAMAC crate via an adapter. The shower counter electronics allow a maximum rate
of 150 MHz at the coincidence, which is far above the maximal expected rate of a few
MHz, so dead time due to electronics should be small.
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2.3. Electronics

600
500
400 ]
300 - Figure 2.10: The expected distribution
200 ~ of events in the hodoscopes for an op-
100 -~ ' timal tuning. Shown is the hit pattern
0 of the right hodoscope versus the left
hodoscope
Philips | model 740 quad linear fan-in/fan-out
Philips | model 704 quad discriminator

LeCroy | model 365 AL | quad majority logic unit
LeCroy | model 2551 12 chan. 24-Bit scaler

Table 2.2: NIM units

Standard electronics required for the hodoscope part:

We use the following ECL electronics: gated LeCroy discriminators and a LeCroy fast
memory which can stack 16K 16 bit words. The hodoscope electronics can operate at a
rate of 10 MHz which is limited by the speed of the fast memories. These electronics are
dead for a few 100 ms during the read out cycle of the fast memories. The hodoscopes
will only be used to check the whole system adjustment. The units purchased are listed
below:

LeCroy | model 4413 AL | 16 chan. updating discriminator
LeCroy | model 4302 triple port fast memory FERA

Table 2.3: CAMAC-ECL units
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Chapter 3

The Mogller target

All Mgller targets presently used lead to relatively high uncertainties due to the poor
knowledge of their magnetization ', as the low B-fields applied do not completely ’saturate’
the foil. For many target materials the relation between magnetization (the observable)
and the spin polarization (the quantity of interest) is not that well known. An additional
disadvantage is the fact, that depolarization due to heat (resulting from high currents)
remains undetected. To address this problem, alternative target-setups were evaluated
by S. Robinson [R094]. Driving the foil magnetization into saturation with a high B-field
should lead to a good absolute knowledge of the magnetization. An online survey of the
target magnetization with a laser system will allow to correct for demagnetization at high
beam currents.

3.1 Different ways of magnetizing

The common way of magnetizing Mgller targets is based on in-plane magnetization, which
is cheap and easy to realize. A pair of Helmholtz coils produces a small magnetic field
with a strength of the order of 0.01 Tesla. A ferromagnetic foil, which is mounted under
a small angle with respect to the beam, is magnetized in foil direction, see Figure 3.1.

Disadvantages of in-plane magnetization are:

o The field is too small to induce a complete saturation, hence the magnetization has
to be measured with pick-up coils.

e The absolute calibration in an electron beam environment is difficult.

e Thickness inhomomogenities lead to errors in the relation between magnetization
and measured flux change.

e Demagnetization due to heat remains undetected.

'In theory of magnetism the expression magnetization density is used, which is related linearly with
the electron polarization of the ferro-magnetic material.
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3.1. Different ways of magnetizing

Helmholtz coils

. magnetic field (0.01 T) =
- o - A __'—>—__->
€----F - "“-":\‘—"—"—"—_':' CoIIIIlZ
p— e €

| \\ \ B

L target s

pick-up coils

Figure 3.1: In-plane target: uses pick-up coils to measure the magnetization.

e The materials used need a small in-plane saturation value, which restricts the choice
to iron alloys. Their relation between spin-polarization and magnetization is known

far less accurately than for pure iron.

In contrast, the out-of-plane method uses a strong magnetic field (4 Tesla) which allows
to polarize in the direction perpendicular to the foil plane, Figure 3.2. This setup allows
an online survey with a laser beam using the polar Kerr effect. The only draw back is the
expensive super-conducting magnet needed to produce such high magnetic fields.

split coil
T magnetic field (4 T) e
T . o =
e b S S eemsseaaaf EIIIIIIE
Y= . \ >
2 laser beam (=N

target

Figure 3.2: Out-of-plane target: uses reflected laser light to verify that the target is

saturated.

Advantages of out-of-plane magnetization are:

e We can rely on a complete saturation. No absolute calibration is necessary.
e Variations in thickness are unimportant.
e Demagnetization due to heat is detectable.

e Iron, with the most accurately known relation between spin-polarization and ma-

gnetization, can be used.
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Chapter 3. The Mgller target

3.2 Precise saturation values for our application

For the fully saturated target we need to know the exact number of electrons per atom
which are aligned parallel to the field, M,,;, [pp per atom]. To get the target electron
spin-polarization M, we need M, and ¢ for this specific ferromagnetic material [R094].

The saturation magnetization M, of a material is defined as the magnetization density
at temperature T — 0K and external field B — 0T. However our experimental setup
is neither at a temperature of 0K nor at a very small B-field and we need to correct for
that. The relevant effects are listed below and discussed in more detail later (see 3.2.1):

e An increase in temperature results in a decreases of the saturation magnetization
(see 3.2.1). The process is caused by the temperature motion which constantly tries
to misalign electrons (—2%).

e A large external B-field (e.g. 4 Tesla) results in an increase of the saturation ma-
gnetization (see 3.2.3). To some extend strong B-fields realign electrons which are
misaligned due to the temperature motion and additionally align electrons usually
responsible for the paramagnetism (+0.5%).

e A misalignment of our out-off-plane target results in an in-plane contribution of
the magnetization. This lowers the relevant magnetization in the beam direction
(see 3.2.2). The effect should stay small which can be verified by the shape of the
saturation curves, see Figure 4.6 (maximal contribution -0.1%).

These corrections have been calculated for room temperature (20°C) and a B-field of 4
Tesla 2. To get the target electron spin-polarization we need to subtract the contribution
due to the orbital momentum (M,,;) from the saturation value M, and divide the result
(Mpin) through the total number of electrons per atom (26 for pure iron)[Ro94]. The
final target electron polarization for the CEBAF Mgller target is given in Table 3.1.

Effect M [pp] | error reference
saturation magnetization M,(T—0K, B—0T) 2.2160 | £0.0008 [Da68|
saturation magnetization M,(T=294K, B=1T) 2.177 +0.002 [Gr82]
corrections for B=1—-4T 0.0059 | £0.0002 [Pa82]
saturation magnetization M,(T=294K, B=4T) 2.183 +0.002
magnetization from orbit (M) 0.0918 | £0.0033 [Re69]
remaining magnetization from spin M, 2.0911 | £0.004

target electron polarization, % (T=294K, B=4T) | 0.08043 | +0.00015

Table 3.1: Magnetization/polarization values for the out-of-plane target. M,: Saturation

magnetization: pp (Bohr magnetons) per atom.

Further explanations are given in the following sections or the references.

2the demagnetization due to target misalignments has been neglected for the moment. A correction
would have to be done by fitting saturation curves (Figure 4.6) with simulations (Figure 3.5), individually

for every saturation.
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3.2. Precise saturation values for our application

3.2.1 Ferromagnetism: temperature dependence and domain
structure

Ferromagnetic materials acquire a large magnetization in relatively small magnetic fields.
This magnetization corresponds to all atomic magnetic moments being aligned. For fields
of the order of a few Tesla, at room temperature, most ferromagnetic materials would be
saturated. Many of them would be saturated in fields very much less than 1 Tesla.

The value of the saturation magnetization varies with the temperature, T, decreasing from
a maximum value at 7= 0K at first slowly, then more and more rapidly as T increases,
becoming zero at the Curie temperature, O¢ (for Fe: 1017 K). For temperatures 7' < O,
this behavior is roughly described by the following Equation [B130]

3

M,(T) = M,(T = 0K)(1 - asT%), (3.1)

where M, is the saturation magnetization and as constant for a given material. Higher
terms in T do improve the agreement for temperatures closer to ®.. For an accurate
temperature dependence one must rely on experimentally measured values as no theory
accurately agrees with the experimental data points, Figure 3.3

% 1.00 |
% 0.95 I Figure 3.3: Compargson of experimen-
: tal data and the Tz law. The agree-

§ 090 - : 1 ment is fairly poor - higher terms in T
é 0.5 7 . 7 do improve the agreement for tempera-
R — TV% law ] tures closer to O..
ap L El i ]
g 0.80 7 data points 7:
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—-200 0 200 400
temperature (°C)

At temperatures higher than ®, the behavior is similar to that of paramagnetic materials,
with the magnetization being proportional to the field.

The behavior outlined so far suggests that in ferromagnetic materials, the atomic magne-
tic moments have a strong tendency to be aligned parallel to each other. This tendency
aids the external field in producing saturation. In order to explain these effects Weiss
introduced the concept of magnetic domains. He postulated that a ferromagnet is divi-
ded into regions (domains), within which the magnetization is equal to the saturation
value. The magnetization of different domains points in different directions, so that the
magnetization of a ferromagnetic specimen could be small or even zero. An external field
can then align the domains such that a macroscopic magnetization results. The external
field needed for a complete alignment (saturation) is dependent on the shape and the
orientation of the ferromagnet in the applied field. The maximal value is of the order of
the field inside a domain — the saturation value.
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Chapter 3. The Mgller target

3.2.2 Out of plane magnetization

When the physical size of a magnetized body is made smaller, the relative contribution of
the domain boundary energy to the total energy increases. Eventually a point is reached
where it is energetically unfavourable for a domain boundary to be formed. The specimen
then behaves as a single domain and its properties differ from the properties when domain
walls are present.

Such situations occur in heterogeneous magnetic alloys where small ferromagnetic particles
are dispersed in a non-ferromagnetic matrix. It turns out that magnetizing a thin foil
perpendicular to its plane can be treated in exactly the same way. The relevant size, the
foil thickness, is small and the domain boundary energy is energetically very high.

The self energy 7 is given by

S—Z:%sin%qﬁ—ﬁ)—l—Bsinqﬁ:O, (3.2)
where B is the applied field, § the angle between the foil plane and the B-field, and ¢ the
angle between the magnetization and the B-field. For fixed B and § it can be solved for ¢
numerically [Cr91]. Solutions of Equation 3.2 are required which give equilibrium values
for ¢ over a range of values for B at different values of the orientation. The term cos
¢ then reflects the magnetization in the field direction. Graphs of solutions for different
values of § are shown in Figure 3.4.
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A more detailed simulation for angles close to 90°, the relevant region for our situation,
is shown in Figure 3.5.

Controlling the angle of the Mgller target can be done to better than 0.5° but the resulting
warp of the target has to be observed carefully. The warp has been estimated to be smaller
than 2° ® (88° out of plane) the resulting error in the magnetization is smaller than 0.1%
which is consistent with the measured curves.

3A warp could be caused by the ultra strong B-field or the thermal expansion at high beam currents.
Estimations can be made by observing the change in angle of the reflected laser beam.
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3.2. Precise saturation values for our application
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3.2.3 Correction terms for strong B-fields

The effective magnetization of a ferromagnetic sample when saturated is the saturation or
spontaneous magnetization, M,. This is only accurate for long thin probes, temperatures
close to absolute zero and small applied fields. The effect of the temperature and the
geometry has been discussed before. Using strong magnetic fields, two correction terms
are required [Pa82].

e The spin wave term: action of the magnetic field on the spin waves, proportional to
v/B (vanishes at zero temperature).

o The high field term: response of the conduction electrons, proportional to B.

Both terms are positive and raise the final magnetization value. The absolute accuracy
of the correction is better than 0.01% of the final magnetization. The resulting equation
including these corrections is

M,(B,T) = M,(T) + a(T)B> + b(T)B. (3.3)
The pure B-field dependence is shown in Figure 3.6.
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Chapter 4

Measuring magnetization with the
Kerr effect

The magnetic saturation of the CEBAF Mgller target is measured using the Kerr magneto-
optic effect ! which in strength is proportional to the magnetization of the sample. Fur-
thermore is the magnetization linearly related to the electron polarization which allows us
to perform a relative measurement of the latter one using the Kerr magneto-optic effect.

The Kerr magneto-optic effect alters the polarization properties of the light scattered off
of a magnetized sample. For a detailed theoretical explanation the reader is referred to
the references ([Hu32], [La60], [Pe60], [Ze91] and [R094]). The various configurations of
the orientation of the magnetization of the sample, the surface of the sample and the plane
of incidence of the light lead to three classes of Kerr effects: the Polar, Longitudinal and
Transverse Kerr effects [LB86]. Geometrical setup and out-of-plane magnetization of our
target allow us to use the Polar Kerr effect (Figure 4.3), which is one order of magnitude
larger than the Longitudinal or Transverse Kerr effect.

4.1 The Polar Kerr effect

The magnetization is perpendicular to the surface, parallel to the direction of the incident
linearly polarized light: the polarization is rotated through an angle ax given by

A = KRM (41)
where Kp is the Polar Kerr constant and M the magnetization of the sample. A geome-
trical view of what happens to the polarization is given in Figure 4.3.

The rotation angle of the polarization depends on the kind of Kerr effect (polar, longitudi-
nal or transverse), the material (iron, nickel, cobalt) and the wavelength of the scattered

!named after the scottish physicist John Kerr (1824-1907), pronounced ’kar’, who first observed this
effect in 1888. Sometimes also referred to as MOKE, SMOKE.
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4.1. The Polar Kerr effect

light. For the polar Kerr effect and a saturated iron sample, rotation angle versus wave

length is shown in Figure 4.1 [LB86].
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Figure 4.1: Polar Kerr effect: Rotation angle of the polarization as a function of wa-
velength of incident light quanta. The laser used in our apparatus has a wavelength of
690nm. The resulting angle of rotation for a saturated iron sample is approximately 0.45°
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Chapter 4. Measuring magnetization with the Kerr effect

4.2 Setup of the Kerr apparatus

The setup of the Kerr system, as previously used by S. Robinson [Ro94], is shown in
Figure 4.2.

laser

polarizer

PEM

target

analyzer

diffuser
diode [Ref]

PA '
| LIA (1F) ~ data
+ acquisition
[ LA (2F) =:systenm

Figure 4.2: Setup of the kerr apparatus. PEM: photo-elastic modulator, Ref: 50 kHz
reference signal, PA: preamplifier, LIA: lock-in amplifiers.

First we polarize the laser beam vertically, then a PEM modulates the polarization direc-
tion ? with 50 kHz by +30°. The modulated laser-beam now passes through a vacuum
window and is reflected from the target (see Figure 4.3). As the surface of our iron foil
is optically not perfect the reflection angle has a small dispersion. Exiting the vacuum
through a second window and passing a horizontal polarizer (analyzer) we refocus the
laser-beam on a diffuser and detect the intensity with a photodiode. By the second pola-
rizer we project the polarization on the horizontal axis — this is the only signal we finally
detect. The effect of the PEM on the polarization is shown in Figure 4.3.

2This is a simplified view. To understand fully what the PEM does one needs to introduce circular
coordinates which lead to a modulation of the polarization direction and ellipticity [Ze91].
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4.2. Setup of the Kerr apparatus
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Figure 4.3: The incoming polarization is modulated by the PEM with the frequency w,
by the angle +¢. The polarization of the reflection is, through the Kerr effect, rotated by
the angle a. What we finally measure is the horizontal component of the polarization.

With turned-off PEM and an unmagnetized foil the light gets absorbed totally. Experi-
mentally this is used to verify that the two polarizers are oriented at 90° with respect to
each other. If we turn on the PEM a signal with twice the frequency of the PEM (2F)
is detected. Magnetizing the target creates an additional small component with the fre-
quency of the PEM (1F) which is proportional to the rotation due to the magnetization,
Figure 4.4.
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To measure these two signals we use lock-in amplifiers. Such an amplifier has two inputs,
the AC-reference coming from the PEM and the signal coming from the preamplifier. The
lock-in measures the intensity of the frequency component which matches the reference
frequency. The 1F signal is proportional to the magnetization as well as to the reflected
intensity, whereas the 2F signal is only proportional to the reflected intensity. The ratio
% is proportional to the magnetization and independent of any intensity changes.
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Chapter 4. Measuring magnetization with the Kerr effect

4.3 Saturation measurements

With the setup described before (4.2) it is only possible to measure relative magnetization.
In order to get a calibration point we need to verify that our sample is saturated; in
saturation the magnetization is known very accurately. This is done by ramping up the
magnetic field to a value larger than the saturation magnetization of the sample. Aslong
as we are below the saturation value the magnetization measured with the Kerr apparatus
increases linearly with the magnetic field applied (see Figure 3.4). At the point where
the saturation is reached the magnetization of the sample stays at a constant value while
the magnetic field increases further. Ramping down the field gives a symmetric result. A
complete ramp up-down to 3 Tesla is shown in Figure 4.5.
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To estimate how accurately our sample is saturated we need to look a bit closer at the
point where the saturation takes place and what happens by a further increase of the
field. Enlarging this area, we can verify that our sample is fully saturated. The reasons
for a less than complete saturation and the slight slope still present is discussed in chapter
3.2.2 and 3.2.3. The saturation point is shown in a plot displaying magnetization versus

applied B-field, Figure 4.6.
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4.4. Depolarization measurements

Figure 4.6: Saturation mea-
surement: Magnetization as
a function of applied B field.
The saturation of our sam-
ple is clearly seen, the slow
approach of the magnetiza-
tion to the saturation value
is explained in chapter 3.

polarization (a.u.)
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4.4 Depolarization measurements

The main effect responsible for a depolarization during the experiment is a temperature
rise. The electrons lose energy when passing through our iron target, this energy is
converted nearly 100% in thermal energy and causes a temperature rise (for quantitative
calculations see 4.5). To get a quantitative check we have measured this depolarization
while heating the iron foil using the Kerr apparatus. This was done with the setup shown
in Figure 4.7.

split coil

S magnetic field (4 T) =

heating tip
target frame at room temperature

Figure 4.7: Depolarization setup: The target foil is heated from the back by a solid molyb-
denum tip equipped with a temperature sensor. The laser-beam for the Kerr measurement
is reflected from the opposite side of the foil. With this setup we could reach temperatures
up to 600°C. However reliable measurements were possible up to 250°C only.
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Chapter 4. Measuring magnetization with the Kerr effect

In these tests we heated the iron foil to a certain temperature and let it cool down after
that. The Kerr signal was verified to come back to its initial value which ensured that no
permanent change in the reflecting properties of the foil took place. The maximal tem-
perature was increased from cycle to cycle to find the point where we either permanently
change or damage the foils Kerr properties. Above 300°C the Kerr signal did not come
back to its initial value. This indicates that the foil surface has been changed and Kerr
measurement are no more reliable in these temperature regions. Cycles below 300°C are
shown in Figure 4.8.
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If we now analyze these data by comparing the measured depolarization with the applied
temperature a plot of temperature versus polarization results, Figure 4.9. All 8 heating
cycles show a similar behavior and match the slope of the world data curve. Data are
accurate up to 250°C within 0.25%. Up to 300°C the accuracy gets worse and above that,
Kerr measurements are no more possible, as irreversible deformations occur. Data taken
below 300°C are shown in Figure 4.9.
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4.4. Depolarization measurements
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Figure 4.9: Depolarization measurements with the Kerr apparatus show that the measured
depolarizations agree with known saturation data. The error up to 250°C is better than
0.25% . For higher temperatures the thermal expansion of the iron foil is too large and
produces a strong warp which causes problems with the reflection of the laser beam.
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Chapter 4. Measuring magnetization with the Kerr effect

4.5 Power deposition in the target

An electron beam with a small diameter, e.g. a few 100 gm, produces a large local power
deposition in the target. Currents higher than a few pA cause a significant local tempe-
rature rise. The heating of a stationary round target was estimated with the following
equation [Ge86]:

Q I

AT = 7(ln(Rtm‘get) - ln(Rbeam))- (4:2)
2w )‘Fe
() = energy deposition for an iron target [ISOOMLW] (used energy loss: 291\1—;‘/2)
I = beam current [pA] Are = thermal conductivity of iron [%]

R = radius of beam spot / target frame [m]

The relation between the beam radius and the temperature is shown in figure 4.10.
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The corresponding target magnetization distributions of the beam-spots used in Figure
4.10 are shown in the following Figure.
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Figure 4.11: Magnetization deviations for different beam-spot shapes. A filled beam-spot
has the same average polarization like a 25 % smaller circular beam-spot.
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4.5. Power deposition in the target

The rise in temperature causes a polarization loss (see 3.2.1, Figure 3.3). At the Curie
temperature ©. (770°C) the polarizability of iron vanishes, therefore any useful polariza-
tion measurement requires temperatures far below ®.. The relation between beam-current
and polarization is shown Figure 4.12.

1.00 —==——
= Figure 4.12: Relative polarization as a
< 005 | ] function of beam current. For varying
= | T T beam currents the results were taken

2.0mm beam diameter T : :

g e ] from Figure 4.10 . For high beam cur-
= 0.3mm beam diameter R rents the polarization starts to depend
5 090 + = T - 0.lmm beam diameter o .
2 strongly on the beam radius. Therefore
S one needs to avoid small beam spots.

085 Lot

0 5 10 15 20

beam current (uA)

For beam currents higher than 20p A the setup therefore will involve a rotating target or a
target foil with a differential thickness (thin center and thick outer part). Both methods
will allow to transport more heat and therefore allow for higher beam-currents.
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Chapter 5

Monte Carlo Simulations

When considering Mgller scattering there are three secondary effects which have to be
taken into account. These are background contributions (mainly Mott scattering, 5.1),
the momenta of the target electrons (Levchuk effect, 5.3) and multiple scattering (5.2). To
get the final A,, (see equation 1.2) of our polarimeter all these effects have been calculated
using the Monte Carlo technique.

5.1 Mott background

The process of electrons scattering off of a nucleus of an atom is called Mott scattering.
As we are only interested in the Mgller electrons (electrons scattered off electrons) we
need to estimate the contribution of these ’Mott electrons’. For a particular acceptance
we can vary the ratio between the ¢ and the § acceptance. The influence of this ratio
on the amount of Mott background was studied using the program Radtail [RT81]. The
conclusion from this simulation is, that the signal to noise ratio is inversely proportional
to the theta acceptance, see Figure 5.1.

14 F =

f Figure 5.1: Single arm signal to noise
e phisize = 2om | ratio, Mgller divided by Mott. An

— &— phi size = 4cm

12 [

10 -
i exponential § dependence is observed

— - — phi size = 6cm

"""" phi size = goem ] whereas the ¢ acceptance has no in-

single arm S/N
o
\

6 - 1 fluence on the signal to noise ratio.
4L ] The coincidence condition will of course
o | ] lead to a tremendous improvement.
0 P T E R S RS N P S T S AT MO SR |

0 5 10 15 20 25

theta size (cm)

The conclusion from this graph would be that it is advantageous to use a theta acceptance
as small as possible. However other effects discussed later (5.2 and 5.3) require a moderate
theta acceptance.
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5.2. Multiple scattering

5.2 Multiple scattering

There are three different types of multiple scattering (labeled MS below). The calculations
below have been done for a 20 pm thick iron target and scale with y/target thickness.

e The multiple scattering of an electron before the Mgller scattering process (esti-
mated using half the target thickness). This effect is correlated because both
Mgiller-electrons subsequently produced are deflected in the same way.

e The Multiple scattering of either or both Mgller electrons after the Mgller scattering

process (uncorrelated). For the detectors \/MSfeft + M S?
value.

vight is the important

e The Multiple scattering of the beam due to the Mgller target (not relevant for the
detectors).

The multiple scattering has been calculated with the following formula [PP86], which is
accurate within 5 %.

®ms—pToj —

14.1 MeV/c L

pB

z

LTad

1
(14 —logio (

9

Oms—proj = multiple scattering angle projected on x-direction
p = momentum of the electron

ﬂ:%:l

z = charge number of the electron

L

7))

ﬁ = thickness of the target in radiation lengths (for 20 Fe: 0.0011)
E beam | 90° Mgllers | MS-beam | MS-corr. | MS-uncorr. | MS at hodoscope
1.0 GeV 31.9 mr 0.453 mr 0.304 mr 0.860 mr 0.94 cm
2.0 GeV 22.6 mr 0.226 mr 0.153 mr 0.430 mr 0.67 cm
3.0 GeV 18.5 mr 0.151 mr 0.102 mr 0.287 mr 0.54 cm
4.0 GeV 16.0 mr 0.113 mr 0.076 mr 0.215 mr 0.48 cm
5.0 GeV 14.3 mr 0.091 mr 0.061 mr 0.173 mr 0.42 cm
6.0 GeV 13.1 mr 0.075 mr 0.051 mr 0.143 mr 0.37 cm

Table 5.1: Mgller lab angle and multiple scattering for different beam energies.

In the table above are listed the unprojected angles, for an axial symmetric beam they

correspond to =

V2 times the projected multiple scattering angles. For the multiple

scattering at the hodoscope, the projected RMS radius for the x-direction is listed.

The multiple scattering at the detector location is shown in Figure 5.2, the one of the
beam in Figure 5.3.

31




Chapter 5. Monte Carlo Simulations
< 05 - ]
5 i Figure 5.2: Multiple scattering at the
; 00 L ] detector plane, the RMS radius shown
° L in 2D. Relevant for the hodoscope is the
5 o5 L 1 -horizontal projection (<>p0j.z), which
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Polarization measurements while physics experiments are going on might be possible.
Table 5.2 shows the fraction of beam which is lost due to multiple scattering caused by

the Mgller target. For the multiple scattering a gaussian distribution was assumed.

E beam | o accepted (20um) | loss for 20um target | 5um target | 1lum target
1.0 GeV 1.6 0.0023 < 1E-9
2.0 GeV 3.0 0.044 < 1E-9 < 1E-9
3.0 GeV 4.0 1.3E-4 < 1E-9 < 1E-9
4.0 GeV 5.0 1.4E-6 < 1E-9 < 1E-9
5.0 GeV 5.8 3.5E-8 < 1E-9 < 1E-9
6.0 GeV 6.7 < 1E-9 < 1E-9 < 1E-9

Table 5.2: Fraction of the beam which is lost due to multiple scattering into the beam

pipe. The simulation was done using a one inch beam pipe diameter after the polarimeter

and a Gaussian multiple scattering distribution.
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5.3. Levchuk effect

5.3 Levchuk effect

Only recently L.G. Levchuk realized that the asymmetries measured in Mgller scattering
polarimeters could be significantly affected by the intrinsic momenta of the target elec-
trons. The asymmetries of the MIT-Bates polarimeter were reestimated and an increase

by 5 — 10% was found [Le94].

The size of the effect is mainly dependent on the angular acceptance of the detectors
in terms of degrees CM. The Levchuk effect can be corrected for using Monte Carlo
simulations if the atomic momentum distributions are known. For the CEBAF Mgller
polarimeter we modified the Montecarlo which was used to simulate the SLAC single and
double arm polarimeter [Sw95].

Simulations for the whole detector plane show, that the Levchuk effect causes an additional
broadening of the distribution, Figure 5.4. Radiative losses, thick target Bremsstrahlung
and multiple scattering with Moliere tails were taken into account.

% 40 F 5 40 -
o) Ke) [
£ S
20 S 2F
£ S r
E of E ool
-20 - -20 -
40 - -40 -
| L |
-600 -500 -400 400 500 600
detector left  (mm from beam) detector right (mm from beam)
©800 oy
g s
600 —
600 — F
400 |- 400 B
200 + 200
0 E L - 0 L L L L L |
-600 -500 -400 400 500 600
detector left  (mm from beam) detector right (mm from beam)

Figure 5.4: Monte Carlo simulation: Upper right: accepted events in the right detector.
Upper left: resulting events in the left detector. Lower right: events projected on hori-
zontal axis. Lower left: events projected on horizontal axis; only optics (solid), all effects

excluding Levchuk (dashed) and all effects including Levchuk (dotted).
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Chapter 5. Monte Carlo Simulations

To provide a check of the tuning of magnetic elements and beam the hodoscope (see
Chapter 2) will deliver us information. A single hodoscope channel with its coincidence
events is shown in Figure 5.5.

§ 40 [ 5
Re] [ o
£ F S
S 20 <
£ r S
E oL £
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60 —
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Figure 5.5: Monte Carlo simulation: Upper right: accepted events in one of the right
hodoscope channels. Upper left: resulting events in the left hodoscope area. Lower right:
events projected on horizontal axis. Lower left: events projected on horizontal axis; only
optics (solid), all effects excluding Levchuk (dashed) and all effects including Levchuk
(dotted).

If we require an event in one lead glass detector, events of the corresponding coincidence
detector can be analyzed for their spatial A,, distribution (Figure 5.6 and 5.7). The
distribution over the coincidence detector shows a higher analyzing power A,, in the
central channels and a significantly smaller one at the edges. This is due to the fact, that
the unpolarized electrons have in general higher binding energies i.e. high momenta; as a
consequence the distribution of the corresponding Mgller electrons gets broadened more.
For a given acceptance the coincidence partners of unpolarized electrons are more likely
to be outside, which leads to a higher A,, (Figure 5.6). This however is only true for the
CM (theta) direction, the phi direction shows a constant A,,.

To avoid this problem one could make the coincidence detector much larger, such that all
coincidence events get accepted. This is of course not realistic and introduces other pro-
blems, like a large background and countrate. Nevertheless making one detector slightly
larger reduces the sensitivity to the Levchuk effect besides other advantages (see Appen-

dix A).
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5.3. Levchuk effect
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Figure 5.6: Montecarlo simulation: Upper: Azz as a function of the channel number of
the left detector, for electrons that give a coincidence with the Pb-glass on the right hand
side. For the left detector, only channels 2 — 14 are used. Events in the center region have
a significant higher A,, compared to events at the edge. Lower: Rate- A,,

— with levchuk
- - without levchuk
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Figure 5.7: Montecarlo simulation (vertical direction): Upper: Azz as a function of the
position orthogonally to the resolution of the hodoscope (vertically), for electrons that
give a coincidence with the Pb-glass on the right hand side. For the left detector vertical
position bins 2 — 14 are used. Lower: Rate
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Chapter 5. Monte Carlo Simulations

To calculate the analyzing power A,, the following effects have been considered in the

Monte Carlo program:

1
2

3

4. Radiative losses

5

The analyzing power A, has been calculated for different energies and actual values are

. The Levchuk effect

listed in Table 5.3.

Table 5.3: Effective A,, for different beam energies. The calculation includes Levchuk,
multiple scattering, radiative tail and Bremsstrahlung effects. The target foil thickness
used was 20 pym. For the uncertainty due to the knowledge of the atomic momentum

. The magneto-optic design
. The detector acceptances

. Multiple scattering with Molliere tails

Beam energy | A,. without Levchuk | A,, with Levchuk | correction
2 GeV 0.7744 £ 0.0001 0.7981 + 0.0018 | + 3.06%
4 GeV 0.7755 £ 0.0002 0.7990 + 0.0020 | + 3.03%
6 GeV 0.7758 + 0.0002 0.7991 + 0.0021 | + 3.00%

distribution see Section A.

The first four effects are polarization independent and, standing alone, do not have an
influence on A, (< 0.1%). However in connection with the Levchuk effect a small
influence of the multiple scattering can be seen (~ +0.1% for commonly used target-

thicknesses), see Table 5.4.

A, correction relative to a 20 um target (calculations include Levchuk effect)

Beam energy no MS 10 pm target 20 pm 40 pm 80 pm
2 GeV +0.41% +0.11% 0.0% -0.17% -0.21%
4 GeV +0.52% +0.14% 0.0% -0.01% -0.11%
6 GeV +0.36% +0.11% 0.0% -0.05% -0.06%

Table 5.4: A,, dependence on the target thickness or the multiple scattering respectively.

36




Chapter 6

Outlook

A polarization measurement, reaching a final accuracy of below 1% will be more accurate
than the errors required for most nuclear physics experiments. Therefore a further error
reduction at the moment is not necessary.

There remains the goal of a completely non destructive polarization measurement, which
can be performed in parallel with physics experiments. Any polarization change could
then be observed immediately. Furthermore no experimental time at all would be used
for the polarization measurement.

Non destructive polarization measurements can be done using compton backscattering.
However this technique is, due to the very small rates, only applicable for high intensity
machines with currents in the mA range. For the CEBAF hall C polarimeter we may
reach this goal for currents in the pA range by the use of ultra thin iron targets.
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Appendix A

Errors in the determination of beam
polarization P,

Symbols used:

P, = Beam polarization

P, = Target polarization

N*,N-, N = Number of Mgller electrons detected with spins parallel, anti parallel and
the total number of Mgller pairs

A, = —g Asymmetry coefficient for (90°) CM Mgller scattering

A, = Average asymmetry for the detector acceptance.

The measured asymmetry A is:

:%:A—w-ﬂ,-ﬂ. (A1)
Thus,
Py = A—Zzl. 7 A, (A.2)
and hence,
- J (S e+ (S + (St (A3)

As shown in the preceding formula, there are three error contributions occurring in the
calculations of the beam polarization, the first one being statistical, the second one being
systematical in nature and the third one a combination of both. We discuss the systematic
uncertainties first.



A.1. Systematic error in A4,,

A.1 Systematic error in 4,,

There are two main contributions which lead to an errorin A4,,.

e Accuracy of the Levchuk correction

o Geometrical alignment and beam optics

A.1.1 Accuracy of the Levchuk correction

As mentioned in Chapter 5.3 the intra atomic motion of bound electrons requires a cor-
rection for the asymmetry coefficient A,,. The correction depends on the knowledge
of the electron momentum distribution, the actual geometry and optics setup. We are
calculating this correction with the aid of a Monte Carlo program [Sw95].

The uncertainty, based on the calculated atomic momentum distribution was estimated
by comparing results using real distributions [Sw95] with results using delta function dis-
tributions [Le94]. For the SLAC single arm Mgller polarimeter Swartz found a Levchuk
effect of 14% and a difference due to the distributions of +0.2%. For the CEBAF po-
larimeter we found a correction in the order of 3% where the error due to the atomic
momentum distribution is not detectable within our statistic error of +0.2%. A complete
list for different beam energies is given in Table A.1.

Beam energy | A,. without Levchuk effect | A,, with Levchuk effect | correction
2 GeV 0.7744 £ 0.0001 0.7981 + 0.0018 + 3.06%
4 GeV 0.7755 £ 0.0002 0.7990 + 0.0020 + 3.03%
6 GeV 0.7758 + 0.0002 0.7991 + 0.0021 + 3.00%

Table A.1: Effective A, for different beam energies. The calculation includes Levchuk,
multiple scattering, radiative tail and Bremsstrahlung effects. Target foil thicknesses of
10 — 40 pm did within the errors not change these results.

A.1.2 Geometrical alignment and beam optics

The systematic contribution AA,, can be determined in the following way:

o As:(0) - o(8) d(8)
Jo(6) d(6) ’

A,.(bap) = (A.4)

where we integrate over the § acceptance of the shower counter (eg. 83" to 97° CM angle).
By integrating over angular ranges corresponding to a detector center displaced from 90°
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Appendix A. Errors in the determination of beam polarization P,

CM angle, we get the deviation in A,, corresponding to a horizontal misalignment of the
detector. Fig. A.l shows A,, as a function of detector center position (upper graph) and
the relative error as a function of detector position.

A priori there is no dependence off A,, on the ¢ (vertical) acceptance or position of the
detectors. However if we start to loose events due to a large vertical misalignment the
sensitivity to polarization dependent beam shifts increases strongly.
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Figure A.1: Error in A,, as a function of the horizontal detector misalignment. Upper
graph:A,, for point-like acceptance (solid) and A,, for a detector acceptance § = +7° CM

(dashed). Lower graph: Relative error of A,, as a function of the horizontal misalignment
of the detectors.

Examples of horizontal misalignment ' and the effects on A, are shown in Table A.2:

Error due to amount | change of A,
beam position 1.0 mm 0.03%
beam angle 0.2 mrad 0.04%
detector positions | 2.0 mm < 0.01%
total uncertainty 0.05%

Table A.2: Errors due to misalignment or mistuning.
A horizontal displacement of one of the quadrupoles from the beam line center has, to
first order, the same error effect as a displaced beam. This is due to the fact that the
quadrupole makes the main separation between the Mgller electrons and the beam.

An accuracy of better than a millimeter leads to a relative systematic error in A,,, as
shown in Figure A.1.

1Vertical misalignments (position and angle) do lead to a coincidence loss only.
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A.2. Error in target polarization P,
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Figure A.2: Error in A,, as a function of horizontal beam misalignment.

Working with standard survey accuracies (< 100pm) the geometry has no influence on
the A,, accuracy. For a correct alignment, any shifts of the beam cancel out to first order.

A.2 Error in target polarization P;

The Kerr measurement of the foil magnetization reaches a relative accuracy of 0.25%.
This however is possible up to 250° foil temperature only (see chapter 4, Figure 4.9).

The systematic error due to geometrical misalignment or a warping of the target foil has
been estimated to be smaller than 0.25% (see chapter 3.2.2, Figure 3.5).

The absolute magnetization of iron is known to an accuracy of 0.1% [Gr82], the resulting
electron polarization to 0.18% (Chapter 3, Table 3.1).

The final error introduced by the target polarization is shown in Table A.3.

Error due to: estimated error
Kerr measurement (statistics) <0.25%
target foil orientation <0.25%
absolute magnetization (systematics) 0.18%
total uncertainty <0.4%

Table A.3: Error of the target polarization
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Appendix A. Errors in the determination of beam polarization P,

A.3 Statistical errors and count rate estimates

To estimate the measuring time, we assume a typical low current, high polarization ex-
periment:

P, =0.8

P, = 0.08043 [Table 3.1]

A = Measured asymmetry (see, Equation A.1)

From equation (A.l), we note that for N~ ~ Nt |

1
AA~ = . A.
. (A5)
We use equation’s (A.2) and (A.3) to obtain
AP, AA 1
PN i (A.6)

P, ~ A 0.0529-4/N’

where we have ignored the systematical errors for the moment. Therefore, in order to
obtain ATI:b < 1% we need to detect > 3.6 - 108 Mgller pairs.

Because it is not trivial to transform the detector shape (which was designed with the
image of the scattered Mgller electrons corresponding to the CM frame) into the lab
frame, I made all acceptance estimations using the CM acceptance of the detectors. The
CM acceptance will be 46 msr at 4 GeV for detectors described in chapter 2. To a first
approximation, the Mgller cross section is constant over the whole detector acceptance,
which is symmetric about 90°CM angle.

The rate per second R is:

VA do
—d-N,-2.N
B A Q0

CAQcnr - (A7)

d = target thickness = 0.0158 [-%5] (20 um Fe foil)
N, = Avogadros number = 6.02 -10%3

% = 0.466 (pure iron)

Ny = 6.25-10'% [-=—] (assuming 1p A)

AQep(4GeV) = 46 - 1073 [sr]

do ____ — 456-10"° [Mm] =456 [{m]

dQear(4GeV) sr msr
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A.3. Statistical errors and count rate estimates

For count rates and measuring times with a 20um Fe foil at 4 GeV incident electron
energy we get the following values (note that we have assumed perfect detector efficiency
and no coincidence losses), Table A.4:

Beam current in gA | Count rate in kHz | Measuring time for AITP:l%
0.1 5.8 620 sec
1 58 62 sec
10 580 6.2 sec

Table A.4: Count rate and measuring time for %:1% and 4 GeV beam energy.

The detector acceptance changes with the incident electron energy. The measuring times
for %:1% therefore change as well. In Table A.5 values for different beam energies at

1pA current are listed.

E-beam (GeV) | Cross section d(;l:M({nTZ:) CM-Acceptance (msr) | Time for AITP:l%
1 18.2 65 10 sec
2 9.1 57 25 sec
3 6.1 49 43 sec
4 4.5 46 62 sec
5 3.6 44 81 sec
6 3.0 43 100 sec

Table A.5: Cross section and measuring time for different beam energies.
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Appendix B

Tuning procedure for the Mgller
Polarimeter

This chapter describes a procedure for finding the optimal initial tuning of the polarimeter.
Before starting with the tuning procedure I strongly recommend to have a close look to
chapter 2 especially the following Figures:

e The general setup of the quadrupoles and detectors, shown in Figure 2.3.

o The desired Mgller event distributions in the detector plane, shown in Figure 2.4.

Apart from the timing, there are three things we need to tune properly: The small
quadrupole, the large quadrupole and the incident beam position. A priori it is not
possible to disentangle all three completely, especially the two quadrupoles! With the aid
of the hodoscope we will be able to optimize the whole setup within a few steps.

B.1 Timing

For a better understanding I recommend to consider the electronics diagram (Figure 2.9)
and the detector arrangement (Figure 2.8) first.

The adjustment of the timing is possible by the use of the pulser system. Light pulses of
about 5 ns width (adjustable in width and amplitude) are generated by a fast laser diode.
The light pulses are distributed by a 44 channel splitter cable. The hodoscope detectors
and the lead glass detectors do get light pulses at exactly the same time.

With these pulses we can adjust the timing of all detectors relative to each other. Ne-
vertheless a cross check with real events should be made after the magneto-optic tuning
is completed (described in the next section).
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B.2. Magnet and beam optics

B.2 Magnet and beam optics

1. Set the two quadrupoles to their calculated values and accumulate some data in the
hodoscope.

2. Vary the current of the large quadrupole such, that the distribution which might be
like in Figure B.2 gets centered like in Figure B.1. For rough adjustments: maximize
the lead glass coincidence rate.

B
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8r - - ool ][Jo - - - - events are distributed symmetri-
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o[ 0o « « - - - ture along the diagonal line of the
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Figure B.2: Event pattern hodos-
cope left versus hodoscope right.
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hodoscope left

. : quadrupole is seen in a shift of
B O e - : the ridge formed by the hodos-
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o left edge of the graph for a too
a2F high quadrupole setting.
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2 4 6 8 10 12 14
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3. The distribution might be relatively wide like in Figure B.3. Vary the current of the
small quadrupole and try to get it as narrow as possible. This works only for small
changes, for large changes one needs to reoptimize the large quad (2.) and try with
the small quad again. Repeat this until the best possible solution is found. Watch
the coincidence rate! If it gets smaller even after reoptimizing the large quad (2.)
you have chosen a too large value for the small quad.
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4. Now we need to check the beam tuning. The up/down tuning can be checked with
the count rate in the splitted hodoscope channels or the final lead glass coincidence
rate. The countrates of upper and lower channels as a function of the beam position
are shown in Figure B.4.
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5. The left /right tuning is more difficult to check as the system is less sensitive to that.
Nevertheless, if the distribution has a small asymmetric curvature like in Figure B.5
the beam is off center to the left (to see the difference, compare with the optimal
tuning shown in Figure B.1).
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B.2. Magnet and beam optics
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Figure B.5: Perfect tuning of the
quadrupoles but beam 5 mm off
center (to the left). The lower
end of the ridge formed by the ho-
doscope events is curved about 1
channel to the left.

To get a better idea of what actually happens with the events, the detector arrangement
is shown in Chapter 2, Figure 2.8. The effect of different beam mistunings are shown in
the Figures below.
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Figure B.6: Mgller event distribution in the detector plane, for a correctly tuned beam.
The left detector has a larger acceptance which results in less sensitivity to any mistunings.
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Figure B.7: Mgller event distribution in the detector plane, for a beam 5 mm to the left
of the nominal axis. Events in the left detector are shifted to the left and broadened.
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Figure B.8: Mgller event distribution in the detector plane, for a beam which is 1 mm
too high. Events in the left detector are shifted down.
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B.3. Quadrupole settings

B.3 Quadrupole settings

The current settings of the two quadrupoles have been calculated for the optimal coinci-
dence rate and the optimal hodoscope resolution. They should be used to start with and
optimized like described in section B.2.

Epeam [MeV] | Q1 % less [T] | Q1 current [A] | Q2 % “less [T] | Q2 current [A]
1000 1.141 69.6 1.206 136.9
1500 1.418 88.8 1.929 207.2
2000 1.603 102.2 2.721 288.3
2500 1.724 111.1 3.577 380.7
3000 1.798 116.7 4.497 485.3
3500 1.839 119.9 5.476 603.0
4000 1.856 121.1 6.513 734.5
4500 1.853 121.0 7.606 880.9
5000 1.838 119.8 8.753 1043.1
5500 1.798 116.8 9.955 1222.6
6000 1.779 115.3 11.201 1418.7

Table B.1: Calculated quadrupole current settings. Currents have been calculated using
measured I versus B calibrations and include slight saturation effects at high fields. The
effective field lengths used are 35.24cm cm and 99.06 cm respectively.
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Figure C.8: Arangement on the detector platform
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Appendix D

Suppliers

e Laser diode: Toshiba TOLD9140

e Laser diode driver, laser collimator: Seastar Optics Inc., Sidney, Canada, Fax
(604) 655°34’35

e All mountings, iris, lens: OWIS GmbH, 7813 Staufen, Germany, Fax (07633)
82727

e Photo-elastic modulator: Hinds Instruments Inc., Hillshoro OR, USA, Fax (503)
640°86°95

e Diffuser: Oriel Corporation, Stratford CT, USA, Fax (203) 378’2457

e Photodiode: EG & G Optoelectronics, modell number C30808, PARC 5210, Prin-
ceton NJ, USA, Fax (609) 883’72°59

e Preamplifier, Laser Pulser, Temperature Control: Electronics workshop,
Institute of Physics, Basel, CH, plan number SP745, SP 752

e Lock-in amplifier:EG & G, PARC 5210, Princeton NJ, USA, Fax (609) 883’72’59

e Vacuum parts: CABURN-MDC the Glynde Street East Sussex BN8 65J UK, Fax
1273 85’85’61

e Collimator actuaters: Industrial Device Corporation distributed by: Jo Kell Inc
1011 West 25th Street P.O.Box 11188, Norfolk VA, USA, Fax (804) 627’8773 phone
(804)625°5214

e Target ladder, Lead collimators, Detector stands, Hodoscope mountings:
Mechanics workshop, Institute of Physics, Basel, CH

e Hodoscope PM’s: Hamamatsu Richtersmattweg Schiipfen CH, FAX 031 879°18’74,
phone 031 879’1333
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Pb-glass PM’s: Philips XP 4512B, Philips Components, Allmendstr. 140, 8027
Zirich, CH, FAX 01 481°77°30, phone 01 488’22°11

Hodoscope scintillators: Bicron, P.O.B. 3093, 3760 DB Soest, the Netherlands,
Fax 31 215529214, phone 31 215529700

Pb-glass: Schott Glaswerke, Optisches Glas, Hattenbergstrasse 10, W-6500 Mainz,
Germany, FAX 0 6131 66’20’33, phone 0 6131 66’24’21

Large Vacuum cans: Meyer Tool, USA bought by CEBAF

superconductiong splitcoil: OXFORD

Target foils: Goodfellow, Cambridge Science Park, Cambridge, CB4 4DJ, Eng-
land, FAX +44 (0)1223 420’639, phone +44 (0)1223 568’068

Laser splitter cable: Matrix Elektronik AG, Kirchweg 24, 5422 Oberehrendingen,
Switzerland, FAX 056 220’757, phone 056 220’563

Fiber bundle coupler : Albert D. King, Laser Technology, 4365 E. Pierce-
ville/Monroe St., Milan IN 47031 USA, Fax 001 812 654’3520, phone 001 812
654’2355

Thermal optical glue CARGILLE MELT MOUNT Cat. 24150,Code 5870
nD = 1.582, nC = 1.577, nF = 1.595: R.P. Cargille Labs. Cedar Grove, N.J.
07009-1289, phone 001 201 239’6633

Peltier elements: IC Interconnex AG, Hardstrasse 10, 5600 Lenzburg, Sitzerland,
Fax 064 52’07’84, phone 064 52’00’84

Pt 100 thermosensor: Walter Elektronik AG, Frauenfelderstrasse 49, 8370 Sir-
nach, Switzerland, Fax 0073 26’37’17, phone 073 26’40’40

Target ladder bushings: Credimex AG, Postfach 6060 Sarnen, Switzerland, Fax
041 66’18’17, phone 041 66’85’30

Densimet parts: Metallwerk Plansee GmbH, Siebenbiirgenstrasse 23, D-86983
Lechbruck, Fax 088 62 773’0, phone 088 62 773’44
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