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Polarimetry in the Positron Injector
• Working assumptions

– Beam energy = 120 MeV
– Current for electrons = few mA
– Current for positrons = few hundred nA

• Goals
– Continuous, non-destructive
– Precision 1% or better

• Usual techniques for absolute polarimetry
– Mott: Scattered electrons/positrons of interest difficult to detect at 120 MeV?
– Compton: small analyzing power at 120 MeV, but non-destructive, “symmetric” 

for e+/e-
– Møller: Maybe easiest. High current an issue. Destructive. Spectrometer an 

issue?

Helpful discussion can be found in Eugene Chudakov’s talk from the PEB (Polarized 
Electron Beams) Workshop at MIT in 2013
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Compton Scattering - Kinematics
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Compton Scattering – Cross Section and Asymmetry
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Compton Polarimeter Example (Halls A and C)

Components:
1. 4-dipole chicane: Deflect electron beam 
2. Laser system: Fabry-Perot cavity pumped by CW laser à few kW stored power
3. Photon detector: PbWO4 or GSO – operated in integrating mode 
4. Electron detector: segmented strip detector
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Compton Polarimetry for Positrons and Electrons
• Compton polarimetry can be applied (easily?) to both positron and electron 

beams
– Cross sections, analyzing power identical
– Polarimeter layout (dipole chicane, detectors, etc.) needs no modifications 
à just need to flip polarity of dipoles in chicane

• Challenges
– Small analyzing power at low energy à 0.43% at endpoint
– Low rates for positrons (~100 nA) à typically run at 10’s of µA in 

experimental halls
– Small backscattered photon energy à different detector technology than 

we typically use for Compton polarimeters at JLab
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Compton Measurement Times
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Luminosity for Compton scattering at non-zero crossing angle (CW laser):

Beam size at interaction point with laser dictates luminosity (for given beam current and laser/electron beam 
crossing angle)

Time for measurement of precision DP/P:
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Measurement time depends on square of 
analyzing power
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Measurement time estimates
• Assumptions:

– Fabry-Perot cavity similar to Hall A/C Compton polarimeters
• 1.3 deg. crossing angle
• stored laser power 4 kW @ l=532 nm

– Laser/beam spot sizes: sx=sy=100 µm
• Time to achieve statistical precision of 1%

– Electrons @ 2 mA: t= 6-8 minutes, backscattered photon rate = 7.2 MHz
– Positrons @ 200 nA: t=60,000-80,000 minutes à order 1000 hours!
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RF pulsed FP Cavity
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RF pulsed laser

CW laser RF pulsed cavities have been built – this is a 
technology under development for ILC among other 
applications

JLab beam à 499 MHz, Dt~0.5 ps
Luminosity from pulsed laser drops more slowly with 
crossing angle than CW laser
à FP cavity pumped by mode-locked laser at beam 

frequency could yield significantly higher 
luminosity

à More complicated system – R&D required

Hall A/C FP cavities

JLab beam structure, nominal laser system, 
luminosity increase is about a factor of 55
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Measurement time estimates
• Assumptions:

– Fabry-Perot cavity similar to Hall A/C Compton polarimeters
• 1.3 deg. crossing angle
• stored laser power 4 kW @ l=532 nm

– Laser/beam spot sizes: sx=sy=100 µm
• Time to achieve statistical precision of 1%

– Electrons @ 2 mA: t= 6-8 minutes, backscattered photon rate = 7.2 MHz
– Positrons @ 200 nA: t=60,000-80,000 minutes à order 1000 hours!
– Positrons @ 200 nA, pulsed FP cavity à 18 hours

• Still too long!
• May be able to reduce by factor of 2 with higher gain/finesse cavity
• Lower precision goals (factor of 4 is we go for 2% instead of 1%)
• Combining both of the above à 2.3 hours
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Compton at 120 MeV – photon detector

Photon detector
à Maximum backscattered photon energy = 0.5 MeV – this is a very different regime than what we are 
used to!
à Need sufficient energy resolution to measure Compton photon energy spectrum  

Decay schemes for isotopes are included in refs. 10 and 12. More recent information on certain nuclei can be found in
ORTEC’s Nuclide Navigator Master Library software package (Model C53-B32). An up-to-date on-line resource for such
information is sponsored by:

National Nuclear Data Center
Building 197D
Brookhaven National Laboratory
Upton, NY  11973-5000
Phone: (631) 344-2902
Fax: (631) 344-2806
Email: nndc@bnl.gov
Internet: http://www.nndc.bnl.gov

In Experiment 3, gamma-ray spectroscopy with NaI(Tl) detectors was
studied. The typical energy resolution that can be obtained with NaI(Tl) is
circa 7% for the 0.662 MeV 137Cs gamma-ray line. For NaI(Tl) detectors, the
resolution is a strong function of energy. The resolution is primarily
controlled by the statistical fluctuation of the number of photoelectrons
produced at the photocathode surface in the photomultiplier tube. Table 7.1
illustrates some typical resolutions for a NaI(Tl) detector as a function of the
gamma-ray energy. Note that it is conventional to express the resolution in
percent for NaI(Tl) detectors. 

Where
E is the energy of the peak,
δE is the FWHM of the peak in energy units, and
k is a proportionality constant characteristic of
the particular detector.
The development of germanium detectors in
the late 1960s completely revolutionized
gamma spectroscopy. Fig. 7.1 illustrates the
striking contrast in results obtained with the
two common types of gamma-ray detectors.
Compared to NaI(Tl), there is a factor of 30
improvement in the full-width at half-maximum
(FWHM) resolution. As a result of this
improved resolution, many nuclear energy
levels that could not be resolved with NaI(Tl)
detectors are easily identified by using HPGe
detectors.
Concurrently, the development of lithium-
drifted silicon detectors [Si(Li)] with drastically-
improved energy resolution revolutionized
x-ray spectrometry. These Si(Li) devices are
studied in Experiment 8.
The purpose of this experiment is to explore
some of the properties of HPGe detector
systems. This experiment deals only with the
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Experiment 7
High-Resolution Gamma-Ray Spectroscopy

Fig. 7.1.  A Portion of a 60Co Spectrum, Illustrating the Energy Resolutions and

Peak-to-Compton Ratios for a Coaxial HPGe Detector Compared to a NaI(Tl)

Detector.

Table 7.1.  Typical Resolutions of a Na(Tl)

Detector for Various Gamma-Ray Energies.

Isotope Gamma Energy (keV) Resolution (%)
166Ho 81 16.19
177Lu 113 13.5
133Te 159 11.5
177Lu 208 10.9
203Hg 279 10.14
51Cr 320 9.89

198Au 411 9.21
7Be 478 8.62

137Cs 662 7.7
54Mn 835 7.26
207Bi 1067 6.56
65Zn 1114 6.29
22Na 1277 6.07

88Y 1850 5.45
The information for this table was taken from IRE
Trans. Nucl. Sci. NS-3(4), 57 (Nov. 1956). “Instrinsic
Scintillator Resolution,” by G. G. Kelley et al., quoting
results from F. K. McGowan, et.al.

(1)

High-Resolution Gamma-Ray 
Spectroscopy  - Ortec

à Will need different type 
of photon detector 
(PbWO4, GSO not good 
enough)

à HPGe?
à Tried HPGe detector 

with Compton test in late 
90’s without great 
success – backgrounds 
were an issue



12

Compton at 120 MeV –electron detector

Beam 

Compton endpoint Distance from beam

Scattered electrons deflected away 
from main beam by dipole
à Higher energy backscattered 

photons à lower energy electrons 
à larger distance from beam

Hall A/C chicanes designed to allow 
detection of scattered electrons to zero 
crossing

Hall A chicane: 2.3 degree bend, ~20 
cm beam displacement at laser

To get scattered electrons ~ 1 cm from 
beam at 120 MeV – need 20-degree 
bend à beam displacement = 3 m!



13

Compton Summary
• Compton polarimetry in principle possible at 120 MeV, but several challenges

– Small analyzing power significantly increases measurement time (problem 
for positrons in particular)

– Kinematics requires much larger footprint for chicane if electron detector 
used

– Photon detection requires different detector technology
• Other considerations

– Compton polarimetry generally requires non-trivial analysis time à can 
get online results, but final results take more work

– Can be used continuously, but then requires significant attention à during 
PREX/CREX, a team of 3-4 people were regularly monitoring the 
Compton laser system, detectors and results
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Møller Polarimetry

Longitudinally polarized 
electrons/target:

à At q*=90 deg. à -7/9Ak =
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Maximum asymmetry independent of beam energy

Transversely polarized 
electrons/target

Electron/positron beam scatters from (polarized) atomic electrons in atom (typically iron or similar) 
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Møller Polarimetry

Møller polarimetry benefits from large  longitudinal 
asymmetry à -7/9
àAsymmetry independent of energy
àRelatively slowly varying near qcm=90o

àLarge asymmetry diluted by need to use iron foils 
to create polarized electrons à Pe ~ 8%

Large boost results in Møller events near qcm=90o 

having small lab angle
àMagnets/spectrometer required so that detectors 

can be adequate distance from beam

Dominant backgrounds from Mott scattering – totally 
suppressed via coincidence detection of scattered 
and recoiling electrons
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Example: Hall C Møller Polarimeter
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• Spectrometer (2 quads) needed to steer scattered + recoiling electrons to detectors
• Target is typically some kind of metallic foil à destructive to beam. Measurements must be made 

intermittently
• Hall C target = pure Fe foil, brute-force polarized out of plane with 3-4 T superconducting magnet
• Beam currents limited to 1-2 µA à higher currents lead to foil depolarization
• Systematic uncertainties <1%

• Typically dominated by target polarization, but Hall C high-field target reduces this to ~0.25%

48 cm
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Møller Polarimetry at 120 MeV
In experimental halls, spectrometer required to get sufficient separation between electrons/positrons and 
beamline
à Challenging for polarimeter intended for both electrons and positrons: 

à For electron beam, spectrometer must deflect 2 particles with same charge to detectors
à For positron beam, spectrometer must deflect 2 oppositely charged particles to detectors 
à Can’t use identical setup for both electrons and positrons (see JPOS17 talk)

At 120 MeV, lab scattering angle is large à 5.3 degrees!
à This is big enough that a spectrometer likely isn’t needed
à For detectors 50 cm from beamline, need 5.3 m drift

50 cm

5.3 m

Target Detectors
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Møller Polarimetry at 120 MeV
• Advantages

– No spectrometer required at these low energies – not so much space 
along beamline

– Works equally well for electrons and positrons (modulo target magnet 
focusing)

– Measurement times for 100-200 nA can be on the order of 20-30 minutes 
for 1% statistical precision

• Disadvantages
– Destructive – measurement must be made intermittently
– Beam currents for electrons must be reduced à 2 mA too high
– High precision (~1%) requires high field target magnet à steering may 

be challenging!
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Non-destructive Møller Measurement?
Proposal to use atomic hydrogen as target; operates at full 
beam current, non-destructive measurement
àat 300 mK, 8 T, Pe ~ 100% 
àdensity ~ 3 1015 cm-3

àlifetime >1 hour
àExpected precision < 0.5%!

Contamination, depolarization expected to be small à < 10 -4

Such a target allows measurements concurrent with running 
experiment, mitigates Levchuk effect

System is under development for use at MAINZ for the 
P2 experiment

Very technically 
challenging – requires 
significant investment and 
development!
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Hall C Target Magnet Steering at 687 MeV

4 mm full 
scale

Beam positions - model

Position monitors

13 meters

solenoid

Target magnet off

Beam

Target

Beam test  performed during G0
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Hall C Target Magnet Steering at 687 MeV

Beam

Target

Magnet misalignment (2 mm) 
had huge impact

2.2 cm 
full scale

Beam positions - model

Position monitors

solenoid

Target magnet at 3 T

13 meters
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Low-field Møller
Foil polarization measurement

Pick-up coil

Motor movement

Foil in envelop

Signal from pick-up coil2mm width 200 turns

foil

Magnetic Stand: Constant magnetic field, moving foil

Foil movement3.0cm

32.0cm

Prior to use of high-field/saturated iron 
targets, Møller polarimeters used 
magnetic alloy, tilted at small angle 
relative to low field Helmholtz coils

à Foil saturation/target polarization 
had to be measured in situ with pickup 
coil
à Hall A eventually reduced systematic 

error on target polarization to 1.5%

If this larger systematic uncertainty is 
acceptable, would make operation 
much easier

(old) Hall A Møller Polarimeter target system 
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Summary
• Easiest path is likely intermittent Møller measurements with low-field target

– If high precision is really required, high-field target can be deployed
– Careful studies of beam steering at low energies should be carried out 

before committing to this plan (i.e. G0 experience at low energies)
– Møller with atomic hydrogen target theoretically possible, but very 

technically challenging
• Compton polarimetry is borderline feasible

– Would require significant resources à laser development, detector 
studies, chicane

– Even in best case, measurement for positrons will take a very long time à
of order 1 shift for 1% statistical uncertainty
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White-board discussion with Joe (Mott Polarimetry)
HIGH PRECISION 5 MEV MOTT POLARIMETER PHYSICAL REVIEW C 102, 015501 (2020)

FIG. 4. Plan view of the injector illustrating the rf accelerating cavities, the 12.5° beam line through the Mott polarimeter, the spectrometer
beam lines at −30° and 25°, and the straight beam line leading to the rest of the CEBAF injector including an rf cavity beam current monitor
(BCM) and a Faraday cup (FC).

The beam emittance was measured following run 1 by
the quadrupole scan method using the first quadrupole in the
beam line and a downstream wire scanner. The horizontal
normalized rms emittance was about 0.56 µm, and the vertical
normalized rms emittance was about 0.4 µm. These emit-
tances, though small, reflect the relatively large illuminated
area of the photocathode as used in a recent parity-violation
study [40]. Given these small emittances, they were not re-
measured in run 2. These emittances resulted in beam sizes
of typically ≈0.5-mm rms at the Mott scattering foil, and
similarly small diameters throughout the entire beam line.

V. DESIGN OF THE POLARIMETER

The polarimeter vacuum chamber, shown in Fig. 5, is com-
posed of three segments—a scattering chamber containing the
target foils, apertures, and detector ports; an extension section
providing a vacuum pump port; and a long drift chamber
ending in a beryllium and copper beam dump structure. The
polarimeter is connected directly to a beam port 12.5° off
the main accelerator beam line, with no intervening vacuum
windows. The beam is steered to the polarimeter by a dipole
magnet. When not in use, the polarimeter is isolated with a

FIG. 5. Elevation view of the Mott polarimeter, including the beam line from the dipole magnet which steers the beam into the polarimeter.

015501-7
JLab 5 MeV Mott

Mott polarimetry at higher energy becomes increasingly difficult at 
higher energy
à Scattered electrons (positrons) of interest get too close to 
beam direction – no way to separate from incoming beam

Mott targete-/e+ beam

scattered e+/e-

dipole

detector

July 23, 2018 10:7 WSPC/S0218-3013 143-IJMPE 1830004

K. Aulenbacher et al.

Fig. 1. The Mott scattering analyzing power for gold as a function of scattering angle and electron
energy. Figure reproduced from Ref. 27 with minor modifications.

2.1.1. Mott asymmetry measurement

Consider a Mott polarimeter with a pair of detectors arranged above (up) and
below (down) a target foil defining the normal (n̂) to the vertical scattering plane.
An electron beam with fully horizontal polarization P may be either parallel or
anti-parallel to n̂. The number of electrons scattered through an angle θ up and
detected, Nu, is proportional to 1 + PS(θ). Similarly the number scattered down
and detected, Nd, is proportional to 1 − PS(θ). The experimental asymmetry (ε)
is defined as the difference in the number of electrons scattered up versus down
divided by their sum

ε =
Nu − Nd

Nu + Nd
= PS(θ). (4)

Although Eq. (4) can be used to compute the experimental asymmetry, instrumen-
tal errors between the detectors introduce uncertainty in the measured polarization.
These errors are introduced by inequalities in the pairs of detectors, or misalign-
ments and inhomogeneities in the beam or target. Consider again the up and down
detectors where the beam is well-aligned and scatters into both detectors at an
angle θ. The efficiencies (Qu, Qd) and solid angles (∆Ωu and ∆Ωd) of the detectors
can be different. For a beam of spin-right (+) electrons the number of scattered
elastic electrons detected are then

N+
u = i+ρ+Qu∆ΩuI(θ)[1 + PS(θ)],

N+
d = i+ρ+Qd∆ΩdI(θ)[1 − PS(θ)],

(5)

where i+ and ρ+ are the beam current and target density for this spin state. If
Qu∆Ωu "= Qd∆Ωd an experimental asymmetry due to the detectors exists. This
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Dipole used to steer beam to Mott target can be used to deflect 
scattered particles to detector


