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1 Introduction

Spin polarized electron beams are produced by photoemission from GaAs pho-
tocathodes in dc-high voltage electron guns. They play an essential role for elec-
tron accelerators with experiments studying the spin structure of nucleons [T, 2]
or the Standard Model [3]. Measuring the beam polarization is therefore also
required for these experiments. This is the role of an electron beam polarimeter.

There are only a few techniques that are employed to measure the electron
beam polarization. At high energies (> 1GeV) the techniques are by Mgller
(e~ /e™) [ 5] and Compton (e~ /) [6] scattering. However, at lower energies
(<10MeV), typically found in a polarized electron injector, these techniques
become impractical.

Here, the most common approach is to use Mott-scattering (e~ /Z) [7], where
a spin polarized beam scattering rate asymmetry is observed when interacting
with the nuclear potential of an atom. These so called Mott-scattering polarime-
ters can be divided into two types: retarding field (E < 20keV) [8] and thin foil
(100keV < E < 10MeV) [, [10].

An alternative, although less often used, method at somewhat higher ener-
gies (1MeV < E < 1000 MeV) [I1] 12] is by Compton scattering of secondary
radiation produced by a polarized electron beam. This so called Compton trans-
mission polarimeter has both benefits and drawbacks to the Mott-scattering
approach that will be discussed in detail later.

In this work we introduce the scattering theory that governs the opera-
tion of these instruments as well as explain their operational parameters. This
will include experimental results obtained at the Upgraded Injector Test Facil-
ity (UITF) beamline at Jefferson Lab, where a Mott-scattering and Compton
transmission polarimeter were used. Finally, we will conclude with a comparison
between the three methods and discuss applications for each.



2 Theory

2.1 Mott-scattering

Mott scattering makes use of electrons scattered elastically off the Coulomb field
of a heavy-Z target [7] (ie. gold) given by an integrated cross section [13]

o(6,9) = 1(0)[1 + S(6)F - 7], (1)
where the unpolarized (Coulomb-scattering) cross section is
Z%et
10) = pragimgrgr L~ P 0/210 -8, )
and P is the polarization vector, n = \%igl is the unit vector determined

by the electron momentum before (Ak) and after (hk') scattering and is per-
pendicular to the scattering plane, and S(6) is the Sherman Function [14]. The
Sherman function can be computed numerically [I5] [16] (see Figure [1]) as a
function of scattering angle and kinetic energy for electrons scattering off a gold
atom. Ultimately, the property that makes Mott scattering desirable is the dot
product between P and 7.
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Figure 1: The Sherman function for three kinetic energies similar to those seen
at Jefferson Lab as a function of angle. Here, the target was assumed to be
gold.

Due to the definition of the unit vector 7. above, the polarization needs to
be normal to the scattering plane for the dot product in Eq. [I] to be non-zero.



Assuming the beam is transversely polarized, this property has the advantage
that two detectors, given an equal angular displacement from the incident beam
direction, will have equal and opposite contribution of the spin dependent scat-
tering rate proportional to P % S(#). This is beneficial because the count of
electrons scattered into either one of the two detectors will then correspond to
either 1 + PS(0) or 1 — PS(6).

Experimentally, a counting asymmetry can be observed between the two
detectors if the spin polarization was perpendicular to the momentum-detector
plane. This asymmetry has the form

Ny — Ng
= ) (3)
Np + Ng
where Ny, and Ng are the number of electrons observed in the beam left and

beam right detectors. Now, to a factor of -1, which corresponds to the direction
of the polarization vector, N, o< 1 + PS(0) and N o< 1 — PS(6). Thus,

1+ PS@H)—1-PSH) 2PS(0)
1+ PSO)+1-PSH) 2

where if S(0) is known, the beam polarization can be extracted by dividing
the experimental asymmetry by the Sherman function. Additionally, the Mott
Left-Right asymmetry can be observed using only one detector if the direction
of polarization, or helicity, is reversed. The asymmetry then occurs between he-
licity states as opposed to detectors. The method of observing the experimental
asymmetry is what distinguishes the two types of Mott-scattering polarimeters
and will be discussed later.

= PS5(0), (4)

2.2 Compton-scattering

Unlike Mott-scattering polarimetry, Compton transmission polarimetry requires
an additional step to extract a polarization measurement. Here, a longitudi-
nally polarized electron beam strikes a radiator producing elliptically polarized
bremsstrahlung radiation. These polarized photons are then incident on a po-
larized target where the photons scatter from the spin-polarized electrons in
the target. In this process, the information corresponding to the longitudinal
polarization of the initial electron beam is retained in the resulting circular
polarization of the bremsstrahlung radiation.

A polarization dependent cross section can be used to describe the interac-
tion between the polarized photons and the polarized target given as

d?o B d2q?

dan Ao

where Py is the target polarization, Py is the photon circular polarization,
d?0%/dQ is the unpolarized Compton cross section
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(14 PPSAc(9)], (5)




and

Ac(h) = [wo - “}} cos(8) / {“:f + 2 sin®(0) (7)

w wo wo

is the analyzing power of the Compton process. Analogous to Mott-scattering
polarimetry, a transmission asymmetry is produced between left circular and
right circular polarized photons. Accounting for transmission and absorption
within the target [I7], the asymmetry can be written

Nt - N~
Nt +N-

where N* are the number of transmitted photons for each polarization, L
is the length of the polarized target, and p; is a polarized Compton absorption
coefficient. In order to extend this process to an electron beam, the circular
photon polarization can be related to the electron beam polarization via a po-
larization transfer coefficient 7 (that is in principle energy dependent) [I8] [19],
which, again to a factor of -1, allows the transmission asymmetry to be written
as

AT = tanh(—PtPf;u1L) =~ —PtP\?,ulL, (8)

Ap = PPy TL = P Ay, (9)

where Ao = P, 11T L and is an effective analyzing power of the polarimeter.
The transmission asymmetry can be represented analytically with the average
polarization dependent transmission efficiency as well as the photoelectric and
pair creation processes. Together they are used to observe a photon energy
deposition following the polarized target [20]. However, these calculations only
contribute to a more accurate understanding of A and are beyond the scope
of this report.

This expression is occasionally written Ay = PP, A where A is the analyzing
power of the polarimeter. However, knowing the target polarization with high
precision, less than a few percent, can be difficult because it requires knowing
the actual field strength and polarizabilities of the material which vary with
temperature and other material properities. Naturally this lends to introducing
Aegr assuming the target is operated consistently during experiment. Similar to
Mott polarimetry, if Aqg is well known, the electron beam polarization can be
extracted. Unfortunately, unlike the Sherman function, A and A.g are difficult
to produce numerically [21], 22 23]. Instead, Acg is typically found experimen-
tally, via a calibration from another polarimeter.

3 Polarimeters

3.1 Retarding Field Mott Polarimeters

In the discussion of the Mott-scattering theory, the math was idealized to assume
that all scattering events were elastically scattered electrons. Obviously, real
scattering experiments do not have this luxury as electrons often scatter multiple



times, sometimes inelastically. A retarding field Mott polarimeter [§] introduces
a repulsive electrostatic field in front of the detectors to filter scattered electrons
which have lost energy. This is one approach to isolate elastically scattered
electrons.

Retarding field Mott polarimeters [§] begin by producing a longitudinally
polarized electron beam with low energy, on the order of 100s of eV. This low
energy is beneficial for the purpose of rotating the beam momentum without
altering the direction of polarization. Thus, electrostatic lenses are able to
deflect to beam incident on a thick heavy-Z target with transverse polarization.
Next, once it reaches the scattering chamber the target, attractively biased
to high voltage, the electron accelerates towards the target. The electron then
scatters from the gold target, resulting in a spin dependent angular distribution.
The scattered electrons travel away from the target decelerating due to the same
electric field from the target.

Electrons having undergone a perfectly elastic scattering event will reach
the edge of the scattering chamber with exactly the initial energy it began
with. The detectors are placed along the edge of the chamber with electrostatic
grids in front of the them. These grids are repulsively biased with the goal of
slowing down, or retarding, the incident electron. Depending on the bias, only
quasi-elastic electrons can make it through this retarding field. Polarimeters
employing this geometry are referred to as retarding field polarimeters.

In principle, these grids could be bias to just below the initial energy which
would only allow perfectly elastic events to be recorded by the detector. How-
ever, the rate of such events is so low this is not a practical solution to measuring
the scattering asymmetry. Instead, the grid is bias to allow quasi-elastic scatter-
ings to be detected. This bias is then increased to approach the elastic scattering
threshold. A linear extrapolation can be applied to produce a result for only
elastic scattering.

This asymmetry, normalized to the calculated Sherman function of the tar-
get, can be used to extract the polarization of the electron beam. This process
is shown in Figure [2]

3.2 Thin Foil Mott Polarimeters

Thin foil Mott polarimeters reduce secondary scattering by removing the num-
ber of possible nuclei for scattering by making the targets extremely thin (on
the nm scale). Ideally, a single-atom target could be used, but both the physical
constraints in constructing such a target as well and the low rate of scattered
electrons make this an impractical option. The thin foil technique allows for the
connection to a single-atom scattering asymmetry by scattering from foils of
different thicknesses and extrapolating to a ”zero-thickness” asymmetry. This
option is restricted in the retarding field method because swapping targets is
not easily accomplished. The extrapolation for a zero-thickness asymmetry is
non-linear and takes the form
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Figure 2: Concept of a retarding field Mott polarimeter. a) A longitudinally
polarized electron beam is created at the surface of the photocathode (light-red).
The low energy beam direction is deflected (blue arrow) by electrostatic lenses
(light-green) while the spin polarization (red) remains in the original orientation.
b) The beam polarization is transverse to the momentum and is incident towards
the heavy-Z target. c) The electron beam is accelerated towards the biased
target and scattering occurs. d) Left-Right detectors observe a count asymmetry
(here shown as Top-Bottom for graphics). Retarding field grids isolate elastically
scattered events reaching the detectors, allowing for experimental extraction of
the asymmetry.

_ Ag(t=0)
A= 1.0+ 8t

where Ag(t = 0) is the zero thickness asymmetry and /3 characterizes the
dependence of the measured asymmetry on target thickness. This form assumes
their are no contributions from secondary scattering which is an oversimplifica-
tion. An increased level of accuracy can be introduced but that is beyond the
scope of this work [24].

This zero-thickness asymmetry, along with the Sherman function at the
beam energy, can be used to extract the polarization of the electron beam.
This process is shown in Figure [3|

(10)

3.3 Compton Transmission Polarimeters

The elliptically polarized bremsstrahlung radiation created from the scattering
of electrons on a radiator is the first step to measuring polarization using a
Compton transmission polarimeter. This radiation is then collimated to reduce
the magnitude of photons reaching the polarized target. These photons then
scatter off the polarized electrons generating a transmission asymmetry that can
be observed in the energy deposit of a photon absorber located after the target.

Unlike Mott polarimetry the rate here is extremely high. Thus, absorbers
are often added in front of the photon detector to reduce the count of incident
photons. The detector is a scintillating crystal that produces an optical signal
corresponding to the number of incident polarized photons. This signal is ob-
served by a photo-multiplier tube (PMT) which produces an electrical signal
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Figure 3: Concept of a thin foil Mott polarimeter. Here, a transversely polarized
electron beam (shown in blue) is incident on a thin target. The polarization
is shown in red. Upon scattering, an asymmetry can be seen in the detectors.
This figure shows two detectors on each side. These detectors are placed at

both the maximum and minimum of the Sherman function to help observe false
asymmetries. The targets are then swapped and the process is repeated.

proportional to the initial optical signal. This process is shown in Fig. [
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Figure 4: Concept of a Compton transmission polarimeter. Here, an incident
electron beam carries a longitudinal polarization P!, which produces circularly
polarized bremsstrahlung photons upon striking a radiator. These photons are
then collimated before a polarized iron target where the photons undergo polar-
ized Compton scattering. Different electron beam helicities produce an asym-
metry that can be observed in a subsequent detector consisting of a scintillating
crystal and PMT. Once the analyzing power is calibrated, measuring the asym-
metry provides a measurement of the beam polarization.

Observing an energy deposited asymmetry by experiment is not possible due
to the large number of photons contributing to the detector signal causing the
data rate to be too high to resolve individual events. Instead, the electrical
signal is integrated over the entire time when the electron beam had the same
helicity. This time period is known as a helicity window. Helicity windows are
generated in an equal number within in a given cell. A cell can contain 2, 4, or
even 8 helicity windows. The asymmetry is calculated for the case of 4 windows
(known as a quartet) via

+(wy + wy) F (we + ws3)

AL =
T =
w1 + wo + w3 + wy

(11)



where the 4+ corresponds to the helicity of the first window. Now, for a
given run period where the asymmetry is desired, all the different Ap values for
both helicity states are plotted in a histogram and the average is extracted. If
the original beam polarization was well known, A.g can be calibrated. When a
new measurement needs to be made, the measured asymmetry and the effective
analyzing power can be used to extract the polarization.

4 Measurements

4.1 Jefferson Lab Micro-Mott Polarimeter

The retarding field Mott polarimeter at Jefferson Lab, shown in Figure[f] created
a low energy electron beam at -268 eV from bulk GaAs using 780 nm light. Light
at 780nm excites electrons close to the band gap which yields a theoretical
maximum polarization of 50 %. This beam is guided electrostatically toward a
gold target bias at +20kV. This bias accelerated the electron beam to just over
+20keV where scattering occurred. The scattered electrons are then decelerated
as they approach the detectors. In front of the detectors are the retarding field
grids which are repulsively bias from -150V to -320 V.
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Figure 5: Picture of the Jefferson Lab Micro-Mott Polarimeter.

Figure[6]shows the asymmetry at each of these retarding field voltages where
a linear fit has been applied to extract the asymmetry at -268keV. Here, the
asymmetry is 5.64 + 0.27 % and the Sherman function at the scattering energy



at 20keV is 20.1 % which yields a beam polarization of 28.06 + 1.31 %. Bulk
GaAs typically produces a beam with 25 to 40 % polarization; therefore, this
result is well within expectations.
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Figure 6: Asymmetry as a function of retarding field voltage in the Jefferson
Lab Micro-Mott.

4.2 UITF keV Mott Polarimeter

The UITF thin foil Mott polarimeter (see Figure [7]) operated using the extrap-
olation in Eq. This polarimeter was optimized for operation at 100 keV
where the detector angles correspond to the maximum magnitude of the Sher-
man function at 100keV. However, this polarimeter has most recently been
operated at 180keV to study the polarization of a bulk GaAs photocathode
(ultimately for calibration of the Compton transmission polarimeter). In this
calibration 780 nm light was again used to excite electrons in the photocathode.
The polarized electron beam is then directed incident on one of six target-ladder
positions. Four of them are for gold foils (40 nm, 60 nm, 70 nm, and 80 nm thick-
nesses [25]), one is for a beam viewer, and one for a through-hole.

The asymmetry results of these four target thicknesses are shown in Fig-
ure These asymmetries take advantage of both a Left-Right asymmetry as
well as helicity reversal asymmetry to produce an asymmetry using the cross-
ratio method [24]. Next, the zero-thickness extrapolation was applied to yield a
zero-thickness asymmetry of (15.9 £+ 0.4) % and a § of (0.0028 £ 0.0004)/nm.
Together with the Sherman function at 120 degrees (location of the detectors)
equal to 42.6 %, a beam polarization of (37.4 + 0.8) % can be extracted. This



Figure 7: Picture of the UITF Mott polarimeter as installed.

polarization is well within expectations for bulk GaAs and is an excellent ex-
ample of a thin foil Mott polarimeter.
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Figure 8: Asymmetry as a function of target thickness in the Jefferson Lab
UITF Mott polarimeter. HWP status is used to reverse the helicity.
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4.3 UITF Compton Transmission polarimeter

Calibration of the UITF Compton Transmission polarimeter (see Figure [9) re-
quired the beam polarization from the upstream Mott polarimeter given in the
previous section (37.4 £ 0.8 %). At both 5 and 7MeV, electron beams were sent
incident on a 6 mm copper radiator. Next, the bremsstrahlung radiation was
sent through a 14.6 cm long copper collimator with a bore of diameter of 0.8 cm.
The remaining photons traveled through the polarized target which was a 7.5 cm
long iron alloy solenoid magnet. The solenoid field was operated at £ 5 A to
polarize electrons in the magnet core to produce the transmission asymmetry.
The remain photons traveled through three 14 mm copper absorbers to reduce
the photon count. Finally, photons that reached the detector deposited their
energy in a scintillating crystal made of BiyGe3O12 (BGO) which produced the
optical signal for the PMT.

Figure 9: Picture of the UITF Compton Transmission polarimeter.

The helicity was generated in 4 window cells which were used to measure the
transmission asymmetry. After optimizing beam current to 6 nA, a sequence of
runs were taken and the asymmetry was observed in each run. An example of
a run asymmetry is shown in Fig.

The average of these runs is taken to be the asymmetry and was on the
order of half a percent. The division of the asymmetry by the known beam
polarization yields the calibrated effective analyzing power which can be used
to extract beam polarization in future studies. The analyzing powers at 5 and
7MeV are given in Equations [12] and

ABMEV (0.452 4+ 0.004)%
T (374+08)%

= 1.20 + 0.03% (12)

ATV _ (0.481 4 0.007)%
T (37.4+0.8)%

=1.29 + 0.04% (13)
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Figure 10: Compton transmission asymmetry for a chosen run during the cali-
bration of the UITF Compton transmission polarimeter. The asymmetry is the
mean of the histogram.

5 Comparison

When choosing a polarimeter, one must decide which method will encapsulate
all the needs of the users. Different situations call for different polarimeters and
it is up to a potential user to decide which technique best suits the experiment.
Here, a comparison offering the attractions as well as potential drawbacks of
each technique is given in Table

Asymmetries are much higher in Mott-scattering polarimeters which leads
to higher accuracy for the polarization in the same amount of measurement
time. This is also the case for the analyzing power which means less time is
required to make a measurement of equal accuracy. However, this larger asym-
metry comes at the expense of requiring transverse polarization. GaAs based
photocathodes produce longitudinal polarization so the spin must be rotated for
Mott polarimetry to be useful. For the low energy retarding field polarimeters,
this issue is circumvented using electrostatic bending which changes the momen-
tum without altering the polarization, but higher energy thin foil polarimeters
require spin manipulation techniques such as Wien filters [26] to rotate the spin
transverse. This is not the case for Compton transmission polarimetry.

The available energy range may also effect the usefulness of a polarimeter.
Retarding field polarimeters are limited by the bias applied to the target and
thin foil polarimeters are restricted by the maximum of the Sherman function.
At 10 MeV the maximum occurs at nearly 180 degrees, where the scattered elec-

12



Retarding Field Thin Foil Compton
Mott Mott Transmission
Effective
. 38.02 %* [17]
Analyzing 20.1 % [8] 39.21 %! [24] 1.29 % [17]
Power
Figure of 102 103 to 100 10
Merit (%2 nA)
Spin 1
. . Transverse Transverse Longitudinal
Direction
Target
Polarization No No Yes
Beam
<20keV 20keV<E<10MeV | 1MeV<E<1000MeV
Energy
Beam
Current ~nA ~ A ~nA
Detection Primary (e™) Primary (e™) Secondary (7)

Table 1: A table highlighting the key features of the three types of polarimeters
discussed in this work. The statistical figure of merit can be found by multiply-
ing the analyzing power squared by the average beam current. *For a target of
thickness 40 nm at 180keV. TFor a target of thickness 1 pm at 5 MeV.

trons will interfere with the incident electron beam causing disruptions. Comp-
ton transmission polarimetery is not limited by scattering angle or target bias
but by the energy required to produce and analyze the high energy photons
(target thickness).

Furthermore, the maximum electron beam current depends on the energy
chosen. For Mott-scattering the scattering cross-section decreases with beam
energy. This decrease allows for higher currents at higher energies. Thin foil
polarimeters can observe beam currents in the pA range if the beam energy
is above an MeV while retarding field polarimeters are limited to nA due the
much higher cross-section magnitude. Similarly, the Compton cross section is
sensitive and is also limited to nA.

Finally, the geometry dependence may impact selection. Compton trans-
mission polarimetry requires a target thickness that maximizes the asymmetry.
For higher and higher energies, the target can quickly become extremely thick.
Mott polarimetry requires placing the detectors to maximize the asymmetry
which can be difficult depending on the energy selected, especially for higher
energy. Clearly, all polarimeters have a purpose and it is on the user to select
the correct instrument for their study.
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Summary

Electron polarimetry is an important tool in the measurement of spin polariza-
tion of electron beams. At Jefferson Lab a number of polarimeters exist, each
relying upon different physics (Mott, Mgller, Compton) to extract the beam
polarization. In this work we have discussed the operational principle behind
three polarimeters at Jefferson Lab. Furthermore, we have shown experimental
results measuring electron beam polarization using each of the three polarime-
ters. Finally, we offer a comparison between each technique weighing both pros
and cons to highlight where each technique thrives.
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