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Summary. — Beam polarimetry is a vital aspect of accelerator-based parity vio-
lation (PV) experiments. So far, Compton backscattering polarimetry is the only
method capable of measuring at the nominal beam conditions of the experiment.
However, due to the low luminosity achievable with commercial lasers, it is slow
compared to other methods using solid-state targets. This article reviews the prin-
ciples of Compton polarimetry, gives an overview of the methods employed to over-
come this disadvantage, and presents recent developements aimed at reaching the
demanding precision goals (< 1%) of the next generation of PV experiments.

PACS 29.27.Hj — Polarized beams.
PACS 29.27.Fh — Beam characteristics.
PACS 42.60.Da — Resonators, cavities, amplifiers, arrays, and rings.

1. — Introduction

Accelerator-based parity violation (PV) experiments use (longitudinally) polarized
beams of alternating helicity to measure count-rate asymmetries in electron scattering.
The relevant information, however, is contained in the underlying cross-section asymme-
tries, which are related to the count-rate asymmetries via the beam polarization P.:

(1) Arate = PeAc.s. .

It is therefore indispensable to perform an absolute beam polarization measurement. The
importance of this aspect is further underlined by the fact that the polarimetry error is
still the largest contribution to the systematic error budget (see table I).

In order to minimize systematic uncertainties, the polarization measurement must be
performed immediately in front of and at the same beam conditions as the PV experi-
ment. Currently, this is only possible using Compton backscattering polarimetry, as the
other common methods, Mott and Mgller polarimetry, are destructive due to the use
of solid-state targets and are limited in the acceptable beam energy (Mott) or current
(Mgller —work is in progress, however, to overcome this limitation, see e.g. [4]).
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TABLE L. — Statistical and systematic errors of recent PV experiments [1-3].

Experiment Statistical error Total systematic error Polarimetry error
A4 (2008) 4.8% 5.2% 4.0%
HAPPEx-III 3.3% 1.5% 0.9%
GO (Ha, high Q%) 5.2% 1.7% 1.0%

2. — Compton backscattering polarimetry

2'1. Principles. — Compton polarimetry uses the spin dependence of the electron-
photon scattering cross-section by colliding polarized (usually optical) photons with the
electron beam and detecting the final-state photon and/or electron. In the case of a
polarization-insensitive detector, the photon scattering cross-section is given by [5]:

do(d,¢) _ doo(V)

= +Q

dO’l (19)
@) dQ dQ

dQ

dok™ (1)
dQ

do_érans (19)
dQ ’

— VPéO"g — VPI™"% cos

where ¥, ¢ are the polar and azimuthal photon scattering angles, respectively, P, is the
electron polarization, and @, V are the “Stokes Parameters” describing the incident pho-
ton polarization (@ being the linear, V' the circular component). The second term is a
nuisance contribution usually eliminated by the use of purely circular light (i.e. Q = 0).
The third and fourth term are those allowing the measurement of the electron polariza-
tion; however, since the cross-section is strongly peaked around the beam direction (see
fig. 1), the last term vanishes as the cos ¢p-dependence is averaged out by photon detec-
tors of commonly used sizes. Thus, switching the photon polarization between right- and
left-circular (V' = +P,, where P, > 0) gives rise to a cross-section asymmetry
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from which the longitudinal electron polarization can be extracted if P, is known. De-
termination of P!"*"* is possible if a position-sensitive detector is used (see e.g. [6]).
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Fig. 1. — Unpolarized cross-section (left) and longitudinal analyzing power A'°"9 (right), as
a function of the lab frame scattering angle 9,45, for typical operating conditions of the A4
polarimeter (see table IV). Here, 9145 = 0 is chosen to be the beam direction.
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2'2. General layout. — Compton polarimeters are installed in magnetic chicanes in
order to separate the outgoing electrons from the backscattered photons. This design
is chosen because it (largely) eliminates any spin rotation between the polarimetry and
the PV experiment. The photon source is implemented by a laser in order to provide an
intense, focused beam with a highly pure polarization. For the detection of the backscat-
tered photon, which is boosted to gamma-ray energies in the experiments considered
here, standard particle detector materials and techniques can be employed. In addition,
modern Compton polarimeters use position-sensitive devices to detect the final-state elec-
tron. Finally, a polarization measurement device for the laser beam is required in order
to determine the “target polarization” P, and ensure the correct polarization state.

3. — Design concepts and comparison

Different implementation approaches have been chosen for the individual polarimeter
components by the various groups operating such devices. The most notable difference is
the choice of the laser system, which plays a central role in making Compton polarimetry
feasible at the experiments considered here.

3'1. Laser system. — The main advantage of Compton polarimetry —mnon-destructive
measurement— turns into a serious challenge at today’s PV experiments which operate at
beam currents of significantly less than 1 mA. The resulting low luminosity when using
commercial lasers with common c.w. output powers of 10-20 W leads to excessively
long measurement times required to achieve reasonable statistical accuracies (O(10h)
for AP/P = 1%). Therefore, the laser intensity must be increased.

One solution —the ezternal cavity approach— is to feed the output of a commer-
cial laser into a Fabry Pérot cavity, wherein constructive interference between incident
and recirculating light leads to a reasonant build-up of intensity. However, since the
achieved gain depends strongly on the fulfillment of the resonance condition (I = n\/2),
a sophisticated feedback system is needed to ensure the match of cavity length and
laser wavelength. Still, such systems have been succesfully set up at TINAF (“JLab”):
Hall A uses a high-gain cavity with very high grade mirrors and a demanding stabilization
scheme. The original setup, using an IR laser, reached a gain of 7500 and an intra-cavity
intensity of 1.7kW [7]; for the recently performed upgrade to a green laser, preliminary
analyses show a gain around 5000 with a power of 5kW. Hall C uses the same layout, but
employs a stronger laser system which relaxes the demands to the cavity gain and thus
the feedback system and optics. Preliminary analyses indicate a gain of 100, resulting
in an intensity of 1 kW [8]. Although performing well, both setups have the drawback of
an explicit crossing angle of 20 mrad between the beams, which reduces the luminosity
by about a factor of 20 as compared to the collinear geometry.

A different approach —the internal cavity approach— uses the lasing cavity itself: the
usable output power of a laser is only a small fraction of the power recirculating inside
this cavity; therefore, improvement of the luminosity is possible by extending the cavity,
replacing the partial-reflective output coupling mirror with a high-reflective mirror and
using the internal power for Compton scattering. Since the laser medium is now inside
the cavity, the emission wavelength will adapt to small fluctuations of the cavity length,
making an active feedback system unnecessary. Such a system, based on a 10 W Ar-ion
laser, has been successfully set up at the A4 experiment at MAMI and reaches intra-
cavity powers of up to 120 W. While this is significantly less than is achievable with the
external cavity approach, the resulting luminosity is still of the same order of magnitude
because a collinear beam geometry was chosen here.
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TABLE II. — Properties of the photon calorimeters used by the Compton polarimeters detailed
here. The detectors of the Hall C and A4 polarimeter are segmented (2 x 2 and 3 X 3).

JLab Hall A [9] JLab Hall C [10] A4 @ MAMI
material GSO(Ce) PbWO4 LYSO(Ce)
radiation length (cm) 1.38 0.89 1.22
pulse decay time (ns) 30-60 10/30 41
light yield (% of NaI(T1)) 20 0.3/0.08 75

3°2. Photon detector. — In most polarimeters, a fast calorimeter (see table IT) is used
to detect the photons, allowing a measurement of energy spectra rather than just the
number of backscattered photons. In this case, several methods to determine the Comp-
ton asymmetry are available: in the counting (or integral) method, only the numbers
of backscattered photons for both helicities are recorded. Since the analyzing power
changes sign at about half the maximum photon energy (cf. fig. 1), this implies a di-
lution of the measured asymmetry by the low-energy photons, thus requiring longer
measurement times for a given statistical accuracy. This can be alleviated by applying a
weighting function: energy weighting, for example, emphasizes the high-energy photons
which exhibit a large asymmetry, thereby reducing the influence of the low-energy pho-
tons (see e.g. [9]). The problem is completely eliminated in the differential method, in
which energy histograms are recorded to extract bin-wise asymmetries. Note, however,
that by suitable choice of the lower detection threshold, all methods can be made to
perform equally well from the statistics point of view [11]; the main difference is their
susceptibility to systematic effects.

3'3. Electron detector. — The use of position-sensitive detectors which exploit the
dispersion in the rear half of the chicane to measure the energy of the scattered electrons
has proven to be essential to the operation of Compton polarimeters (see table III for an
overview). In the simplest case, they are used to suppress uncorrelated background, e.g.
radiation generated by the beam halo [12]. However, they can also serve as a photon
tagging device: imposing a coincidence with only one electron detector position channel
provides a virtually monoenergetic photon beam that may be used for calibration, in
particular for intercalibration of segmented calorimeters at energies beyond the reach of
radioactive sources [12]. Tagging can further be used to get hold of systematic effects:
for the Hall A polarimeter, dedicated runs recording one coincident histogram for every
position channel were taken to parametrize the photon detector response, which was
then used to extract the Compton asymmetry from the full spectra taken during regular
measurement [7]. In the A4 polarimeter, these tagged spectra are used even for the

TABLE III. — Types of electron detectors used in recent Compton polarimeters.

JLab Hall A JLab Hall C [§] A4 @ MAMI
type Si microstrip diamond microstrip SciFi array
layers/channels 4 %192 4 % 96 2x24

pitch 240 pm 200 pm 600 pm
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TABLE IV. — Design comparison of the polarimeters presented here. The upper part shows the
design potential, the middle part the impact of the experimental conditions (HAPPFEz, HAPPFEz-
111, Qweax, and A4), and the lower part the actual performance [7-9,12]. Some simplifications
were used in calculating the FOM. All but the Hall A IR performance data are preliminary. Note
that the A/ polarimeter has been operated at energies as low as 315 MeV.

Hall A IR — green FOM Hall C FOM A4 FOM
A (nm) 1064 532 x4 532 x4 514.5 x4.3
Pr (W) 1700 5000 x2.9 1000 x0.6 100 x0.06
angle (mrad) 20 20 x1 20 x1 0 %20
E. (GeV) 4.6 1 x0.05 1.17 x0.06 0.86 x0.03
I. (nA) 40 50 x1.25 180 X4.5 20 x0.5
statist. err. 0.6% in 1h 1.0% in 1h 1.0% in 1h 2% in 11h
syst. err. 1.4% 0.9% (0.55 + x)% (0.45 4+ x)%

regular analysis so as to assess the detector response and effects of chicane dispersion
and beam position [12]. The Hall C polarimeter, on the other hand, uses the electron
detector to get a completely independent access to the Compton asymmetry [8], thereby
eliminating many systematic error sources.

3'4. Laser polarization measurement. — The standard method to measure the laser
polarization is to direct the light onto a rotating quarter waveplate and a linear polarizer,
and measure the transmitted intensity, which is modulated at multiples of the waveplate
rotation frequency. The polarization state can be extracted from the modulation am-
plitudes. This method is well-established and accurate, but since the measurement is
performed outside the cavity, a systematic change of the polarization has to be expected.
In the A4 polarimeter, where one vacuum window placed at 45° serves as a beamsplitter
to extract intra-cavity light for polarimetry, the polarization transport matrix of the used
window is measured prior to every beamtime in order to take this effect into account.

3'5. Performance comparison. — Although quite different in their designs, all polarime-
ters mentioned in this article have comparable performance potential. This can be seen
from table IV, which, taking the Hall A TR design as reference, shows the influence of
the design choices and experimental conditions onto the statistical figure of merit [11]
—a quantity inversely proportional to the required measuring time.

4. — Conclusions and outlook

Compton backscattering polarimetry is a well-proven method for electron polarimetry,
and so far the only non-invasive method available. Techniques have been developed to
overcome the challenges at low beam current, and to reach the accuracy of < 1% required
for the upcoming generation of PV experiments, notably the “green upgrade” of the JLab
Hall A polarimeter and the new Hall C polarimeter. Therefore, Compton polarimetry is
likely to keep its decisive role in this field of physics research for the near future.
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