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Abstract. For new experiments with polarized electron and positron beams the precise and
quick measurement of the beam polarization is required. The relative electron polarization has
been monitored on-line using a compact transmission Compton polarimeter for a wide range of
average electron currents up to 100 yA and electron beam energy of 3.5 MeV. The asymmetry
induced by the beam polarization can be monitored precisely with AA/A < 0.2%. Even small
relative variations of the beam polarization during a beam time may be detected using this
polarimeter, such as an increase ~ 1% and subsequent decrease of the beam polarization.

1. Introduction

Different methods based on Mott and Mgller scattering can be applied for polarization
measurement.  These polarimeters are destructive and cannot be operated during an
experimental run. One has to assume that the polarization remains constant during the data
taking or interrupt the experiment repeatedly for a polarization measurement. ”Standard”
Mott polarimeters are suitable up to electron beam energies of several MeV and are sensitive to
the transverse beam polarization only. ”Standard” Mgller polarimeters are suitable at higher
beam energies, but at low currents only (few pA), because of target heating. Another method
is to analyse the circular polarization of the bremsstrahlung radiation produced when the
electron beam hits a target. A simple way to measure the circular polarization of the photons
is by determining their transmission through a magnetized absorber. Here one exploits the
polarization dependence of the Compton scattering cross section: The transmitted intensity
of circularly polarized photons scattered from the longitudinally polarized electrons in the
magnetized absorber depends on the relative orientation of the photon and the electron spins.
By switching the helicity of the photon beam, an asymmetry can be calculated.
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2. Polarization transfer in bremsstrahlung

Circularly polarized bremsstrahlung radiation is produced when a polarized electron beam
hits a radiator target. We will restrict ourselves to longitudinally polarized electrons, since
for transversely polarized electrons the polarization transfer efficiency is smaller.  This
transfer efficiency depends on the energy FE, and the emission angle 6 of the photon.
In the ultrarelativistic limit where the photons are nearly exclusively emitted in forward
direction, Olsen and Maximon [1] have, based on approximate (Sommerfeld-Maue) electronic
wavefunctions, derived the following expression for the circular polarization P,
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where E; = E, + mc? is the total energy of the electron beam and P, is the polarization of the
electron beam. Numerical calculations within the Elwert-Haug theory (for £, < E.) performed
at E. =2 —20MeV and 6 = 1° show that equation (1) performs quite well (figure 1). In the
short wavelength limit, F, = E,, the polarization transfer is nearly complete at £, > 2MeV.
From the Born approximation for bremsstrahlung, McVoy [2] has derived the following formula
for circular polarization at the short wavelength limit and 6 = 0°
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which is plotted in figure 2 as a function of F.. Also shown are numerical results from a
more elaborate theory which uses Sommerfeld-Maue functions for the fast electron and Dirac
functions for the slow one [3] at E. > 0.5 MeV, respectively from partial wave calculations [4]
at B, <3 MeV. Clearly, P,/P, drops rapidly at beam energies below 1 MeV. We recall that
neither of the formulae (1) or (2) depends on the nuclear charge Z of the radiator target. This
Z-independence is, however, no longer true for low energies and when 6 becomes large.
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Figure 1. Circular polarization of Figure 2. Efficiency of the polarization
bremsstrahlung radiation created by longi- transfer as a function of the electron beam
tudinally polarized electron beam on Cu. energy at the short wavelength limit.
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3. Polarized Compton scattering
The Compton scattering of the photons with circular polarization P, from polarized electrons
is given by [5]

do r2 [ k\?
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with ¢g = 1 + cos? 0 + (ko — k) (1 — cos @) and ¢3 = — (1 — cos®) (ko + k) cos§. Here, g is the
classical electron radius, kg is the initial and k is the final photon momentum after scattering,
¢o gives the ordinary Compton cross section, ¢s is the polarization-dependent Compton cross
section, 6 is the scattering angle, and f is the fraction of longitudinally polarized electrons in the
absorption magnet. By integrating the differential cross section, one obtains the total scattering
cross section in the form

0e=0¢ + [Pyt (4)
where o0 is the polarization-insensitive (Klein-Nishina) and
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is the polarization-sensitive part. The term in the brackets changes sign at a photon energy
of about 0.64MeV and is negative at £, > 0.64 MeV. The photon transmission depends on
the relative orientation of the photon and electron spins. The positive sign in equation (5)
corresponds to the photon spin parallel to the electron spin and hence antiparallel to the
magnetization. Or, in other words, for photon energies E, > 0.64 MeV the transmission is
higher when the photon spin is parallel to the electron spin. The efficiency of the Compton
transmission polarimeter depends on the ratio |Zo?% /o], which has a maximum at 5MeV
(figure 3). Hence the measurement of the beam polarization using a Compton transmission
polarimeter is most effective for energies of several MeV. At higher energies, for example at
E. = 1.508 GeV [6], the analyzing power of the Compton transmission polarimeter is very low,
which makes an accurate polarization measurement challenging.
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Figure 3. Ratio of the polarization ]
dependent Compton cross section to the Flgpre 4. Dependence of the figure of
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photon energy for VACOFLUXS50. different photon energies.

The transmission probability for photons through the magnetized absorber of length L is
given by
TF = exp {—nLoot} = exp{—nL (0photo + Opair + Z0¢)}, (6)
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where n denotes the number density of atoms in the absorber. The asymmetry is then given by
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= tanh (—nLZ vaofd) ~ (—nLZ vaofd) , (7)

because nLZ f Pyaf‘)l < 0.1. The asymmetry in transmission increases linearly with increasing
length of the absorber, but the intensity passing the absorber falls exponentially. If the
counting rate is the limiting factor for the accuracy of the measurement, the optimum length
Lopt = 2 (natatal)fl may be found from minimizing AA/A, where AA is the statistical error
in the asymmetry A and o4, is the total absorption cross section. A figure of merit for the
polarimeter A%T for different photon energies as a function of the length of the absorption
magnet is plotted in figure 4. Calculations are done using a photon polarization of 80 % and an
electron polarization in the absorber of f = 8 %. If the counting rate is large, the length of the
absorber can be increased to enhance the asymmetry. The absorber of the polarimeter described
below consists of a 9cm core and return yokes. The asymmetry of the transmitted intensity
calculated using equation (7) for a 9 cm absorption magnet and the results from figure 1 for P,
are shown in figure 5 as a function of the photon energy.
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Figure 5. Predicted asymmetry as a function
of the photon energy for the incident electron
beam energies of 3.5 and 20 MeV.

Figure 6. The absorption magnet with 420
turns, symbolized by the rows of circles.

4. Polarimeter

The Compton transmission polarimeter consists of a radiator, which produces the
bremsstrahlung radiation, two CsI(T1) detectors to measure the intensity of the photons and
a magnetized absorber. As a radiator target we have chosen a copper target with a length of
12mm. Our simulation shows that not more than 0.04 % of the incident electrons penetrate
through the radiator. The electron polarization in the magnetized absorber is determined by

M oM (g —1
f = "~ < ; )7 (8)
NeMB NeﬂB g

where M is the magnetization due to electron spin, M is the total magnetization, N is
the electron density, pup is the Bohr magneton, and ¢’ is the magnetomechanical ratio. The
core of the absorption magnet is made from VACOFLUX50 (49%Co, 1.9%V and 49.1%Fe).
VACOFLUX50 has a Curie temperature of 1223 K and an electron polarization of 8.5% at
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2.35T. High magnetization is achieved through annealing in a dry hydrogen atmosphere at
820°C. The dimensions and shape of the absorption magnet are shown in figure 6. The ends of
the core are machined with high precession to be flat and perpendicular to the axis.

Because of the photomultipliers saturation at high electron currents and high operation voltage,
we use a silicon PIN photodiode (SPD) to read out the scintillation light. A combination of a
scintillator with a SPD has a number of advantages for the photon detection, like high detection
efficiency, high light output, temperature dependence of the signal only in the crystal part,
insensitivity to magnetic fields and compactness. To read out the scintillation light of CsI(Tl),
with a peak emission wavelength at 550 nm a Hamamatsu S3204 PIN-photodiode with an active
area of 18x18 mm? is used. The quantum efficiency of the SPD at 550 nm is about 80 %. The
CsI(T1) scintillator was purchased from Saint-Gobain and has dimensions of 17x17mm? and
50 mm length. After polishing all faces of the scintillator, it was wrapped in Teflon, followed by
aluminium foil. The optical connection between the photodiode and the crystal is a RTV based
silicon glue manufactured by GE Bayer Silicones. The energy resolution of the detector is about
6 % FWHM for 1332keV.

5. Polarization measurements

The experiment has been performed at the MAMI injector [7]. A polarized electron beam is
produced by illuminating a GaAs/GaAsg¢sPo.36 strained superlattice photocathode [8] with
circularly polarized light of 776 nm. The electron beam is accelerated to 3.5 MeV and deflected
to 30° by the dipole magnet for the polarization measurement, as is shown in figure 7.
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Figure 7. Layout of the experimental area.

The asymmetry of the transmitted photons determined in the experiment is given by

I/ -1y )17
I/ + I3 /I

(9)

where I and I3 are the signals from the first and second detector for two different helicities of
the beam, respectively. We measured the dependence of the asymmetry on the current I psorper
in the absorption magnet (figure 8). The electron beam current was 8 uA, and the electron spins
were oriented at 45° with respect to the beam direction using the Wien filter to control the beam
polarization using a Mott polarimeter additionally. Each measurement took about 60 seconds.
One recognizes the hysteresis effects. About 1100 Ampere turns are needed to saturate the
absorber. To limit heating of the absorption magnet it was magnetized in the later experiments
using a current of 2.8 A.

The dependence of the asymmetry on the average electron beam current was also investigated.
The polarization vector was, again, oriented at 45° with respect to the beam orientation. The
transmission between the gun and the polarimeter in this experiment was approximately 90 %.
We observed a slight change of the asymmetry of about AA/A ~ 10~* (figure 9(a)) per uA
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Figure 8. ”"Hysteresis loop” measured with polarized electron beam.

of beam current. This could be an effect of the thermal heating of the photocathode. The
cathode holder is not optimized with respect to the heat transfer. Most of the laser intensity
will be transferred to the crystal lattice of the photocathode, causing a temperature increase.
This might affect the beam polarization. To see how temperature affects the spin polarization,
consider the polarization dependence on the relaxation time

Py

=2 B 1
1+7/r, PBR (10)

P

where Py is the initial electron polarization in the conduction band, 7 is the photoemission time
of electrons, 7, is the spin relaxation time, and Bppgp represents the depolarization in the band-
bending region. The photoemission time 7 amounts to several picoseconds and is approximately
temperature independent, but 75 decreases with increasing temperature [9]. Hence it can be
expected that the polarization decreases at higher currents.
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Figure 9. Observations of Compton asymmetry vs beam current I, at polarimeter. Black
datapoints in left and right figures are subsequent measurements with an interruption of three
months in between them. I, variation for the black points was obtained by varying the laser
intensity on the cathode, the 'red’ dataset in the right figure was obtained by reducing the beam
current, produced by a constant laser intensity, by a variable electron beam collimator slit.

Three months later we repeated the experiment. The first detector was irradiated with gamma
rays with about 10 kGy. The change of the asymmetry for currents below 60 uA is of the same
order as three months ago, but has an opposite sign, perhaps because of the radiation damage.
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Figure 10. Variation of the electron spin Figure 11. Quantum efficiency (squares)
polarization during a beam time, measured and temperature (circles) near the gun.
with Compton and Mott polarimeter.

At higher beam currents the change of the asymmetry is significantly greater. The non-linearity
of the photon detectors is responsible for this effect. To show that the change of the asymmetry
in figure 9(b) is not an effect of the photocathode, we increased the laser power to produce
100 A average current from the gun and kept it constant. The beam current I, delivered to
the polarimeter was reduced with a movable collimator slit in the chopper system between the
source and the first accelerating structure. For both types of variation the current dependence
is very similar, which provides strong evidence that the variation is not caused by intensity
dependent effects - such as cathode heating - in the photocathode.

The long-term variation of the electron spin polarization was studied, as well. Data
taking started 23 hours after cathode activation. The electron beam current delivered to the
polarimeter was 30 1A, the polarization angle was 45°. In order to make the Compton and Mott
measurements simultaneously, we moved a 250-nm-thick gold target into the Mott polarimeter.
Both polarimeters show an approximately linear increase of the polarization 15 hours after the
start of the measurement (figure 10). During this experiment the quantum efficiency of the
photocathode and the temperature near the gun were monitored (figure 11). The maximum
polarization was observed 7 hours after the maximum of the quantum efficiency at a QF of
~ 97% of the maximum value. A similar behaviour of the polarization was observed in [10].
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