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For green laser (532 nm):
àEgmax ~ 34.5 MeV at Ebeam=1 GeV
àEgmax = 3.1 GeV at Ebeam=11 GeV
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• Design interaction region

At the interaction point, the laser spot has a diameter of approximately
0.5 mm, and the transverse size of the electron beam is σx ≈ 0.6 mm hor-
izontally and σy ≈ 0.2 mm vertically. Each electron bunch is approximately
11mm long (corresponding to 37 ps), i.e. about one hundred times shorter than
the laser pulse. After passing through the interaction point, the laser beam
exits the storage ring vacuum system through an identical vacuum window
and enters a second polarization analyzer which also monitors the position
and the intensity of the laser light.

Nd:YAG laser

screen

lens doublet

laser room cable shaft

screen

polarization analyzer

mirror M 3

interaction point
laser - electron

HERA exit window

stand

3.3 m

shutter

2.5 m

10.6 m

5.6 m

8.4 m

beam& optical system pump

mirror M 2

mirror M 4

Compton photons
calorimeter

HERA  electron  beam

electrons

window

screen

HERA tunnel, section East Right

mirror M 1

mirrors M 5/6

entrance

47.2 m

6.3 m

HERA entrance window

Fig. 4. Layout of the Longitudinal Polarimeter in the HERA East section.

3.2 Laser−Electron Interaction Region

The location of the laser-electron interaction region was chosen to optimize
the rate of the back-scattered Compton photons versus the background rate,
and to minimize changes to the electron ring vacuum system. Maximizing the
Compton rate means that the crossing angle between the laser beam and the
electron beam should be as small as possible, and the horizontal widths of
the electron and laser beams should both be small. In addition, the transverse
spatial distribution of the back-scattered Compton photons due to the size and
divergence of the electron beam had to be minimized, since the back-scattered
photons have to travel about 54 m to the calorimeter.

The laser-electron interaction point is located in the East Right HERA tunnel
section, 13 m downstream of the first dipole magnet BH39, which bends the
beam by 0.54 mrad (Fig. 2). This is enough to prevent a large fraction of
the bremsstrahlung generated by the residual gas in the long straight vacuum
section upstream of BH39, and by the HERMES gas target in particular,
from reaching the calorimeter. On the other hand, it is little enough that it
rotates the spin by only 1.9◦. The corresponding reduction of the measured
longitudinal beam polarization is negligible (0.06%).

6
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Luminosity and x-ing angle
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• Ng(e) = number of photons (electrons) per bunch
• Assumes beam sizes constant over region of overlap (ignores “hourglass effect”)
• Beam size at interaction point with laser dictates luminosity (for given beam current 

and laser/electron beam crossing angle)

Luminosity for CW laser colliding with electron beam at non-zero crossing angle:

L =
(1 + cos↵c)p

2⇡

Ie
e

PL�

hc2
1q

�2
e + �2

�

1

sin↵c

<latexit sha1_base64="nYtTbrelcHqmosxylZcTDpoUOQY="></latexit>

L = fcollN�Ne
cos (↵c/2)

2⇡

1q
�2
x,� + �2

x,e

1q
(�2

y,� + �2
y,e) cos

2 (↵c/2) + (�2
z,� + �2

z,e) sin
2 (↵c/2)

Pulsed laser:

e (Ebeam)

γscatt (Eγ,θγ)

γlaser (λ, Elaser)

e’ (E’e, θe)



Luminosity and x-ing angle

Ciprian Gal 15

e (Ebeam)

γscatt (Eγ,θγ)

γlaser (λ, Elaser)

e’ (E’e, θe)



Photon rates
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Photon rates
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Measurement time
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Measurement times
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Measurement times
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Time estimations: longitudinal
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Single-photon Integrating Energy 
Integrating

e- energy:   5 GeV
e- energy: 12 GeV
e- energy: 18 GeV

• Differential measurement assumes 1 photon/electron 
per crossing 
• The power needed for the laser system is approximately 1W

• The integrated method accepts the entire luminosity of 
the pulsed system (note the change in unit)
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Transverse asymmetry
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How can we make this measurement?
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EIC Compton Layout
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Hadron beamline

Q7EF 
(+16.3 T/m)

Q6EF 
(-18.6 T/m)

Q5EF 
(+12.2 T/m)

Q4EF 
(-4.15 T/m)

Q3EF 

D2EF4 
(0.29 T)

electron beamline

Photon Detector 
(front of quad)
~29 m from IP

Compton IP 
(in between quads)
18 GeV: L 59%, H -81%
  5 GeV: L 96%, H -26%

Electron Detector
(front of quad)
~9 m from IP

• The current configuration allows for the interaction point to be in a magnetic field 
free region reducing the complexity at the interaction point and allows for relatively 
access to insert the laser beam
• The electron detector is placed after a dipole which has enough power to energy 

analyze the scattered electrons at all energy set points
• The Quad after the dipole is horizontally defocusing increasing the effectiveness of the dipole



Complex measurement
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Planned Compton polarimeter location upstream of detector IP
àBeam polarization mostly longitudinal, but some spin rotation remains before arrival at detector IP

Beam energy PL PT

5 GeV 97.6% 21.6%
10 GeV 90.7% 42.2%
18 GeV 70.8% 70.6%

At Compton interaction point, electrons have both 
longitudinal and transverse (horizontal) components
à Longitudinal polarization measured via asymmetry as 

a function of backscattered photon/scattered electron 
energy

àTransverse polarization from left-right asymmetry

Beam polarization will be fully longitudinal at detector IP, but accurate measurement of absolute 
polarization will require simultaneous measurement of PL and PT at Compton polarimeter

EIC Compton will provide first high precision measurement of PL and PT at the same time 



Compton throughout history
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**Phys.Rev.Lett. 129 (2022) 4, 042501
JLab Hall A  2.1 GeV  |  532nm FP cavity | photon/integrating |  0.52%   



What is the problem with the Compton measurement?
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What is the problem with the Compton measurement?

Ciprian Gal 29

• Easiest at high energies
• Non-destructive, but systematics are 

energy dependent



Standard electron polarimetry techniques
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• Compton scattering: 𝑒 + �⃗� → 𝑒 + 𝛾
• Mott scattering: 𝑒 + 𝑍	 → 𝑒
• Spin-orbit coupling of electron spin with (large Z) target nucleus
• Useful at MeV-scale (injector) energies

• Møller scattering: 𝑒 + 𝑒 	→ 𝑒 + 𝑒
• Atomic electrons in Fe (or Fe-alloy) polarized using external magnetic field
• Can be used at MeV to GeV-scale energies – rapid, precise measurements
• Usually destructive (solid target) – non-destructive measurements possible with 

polarized gas target, but such measurements not common



Mott polarimetry
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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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S(q) is the Sherman function 
à must be calculated from electron-nucleus cross 

section
à Dominant systematic uncertainty but controlled to 

better than 1%

Mott scattering: 𝑒 + 𝑍	 → 𝑒 
à Spin-orbit coupling of electron spin with (large Z) 

target nucleus gives single-spin asymmetry for 
transversely polarized electrons

Mott polarimetry useful at low energies  
à ~ 100 keV to 5 MeV 
à Ideal for use in polarized electron injectors

I(q) à unpolarized cross section
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Mott examples: JLab injector
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• Optimized for operation at 5 MeV
• Studied between 3-8 MeV

• Detectors at 172.7 degrees
• Thin and thick scintillators

• Typically uses thin gold target (1 µm or less)
• Some backgrounds possible due to nearby beam 

dump 
• Has been studied using lower duty cycle beam + 

time of flight

• Recent extensive systematic studies yield overall 
systematic uncertainty < 1%

Jefferson Lab 5 MeV Mott Polarimeter

J.M. Grames et al, Phys.Rev.C 102 (2020) 1, 015501

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 systematics
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• Much effort dedicated to demonstration of precision 
Mott polarimetry

à Improved background rejection via time-of-flight cuts
àDedicated studies of Sherman function
àGEANT4 simulations showed double-scattering in target 

foil is only source of dependence of analyzing power on 
target thickness

J.M. Grames et al, Phys.Rev.C 102 (2020) 1, 015501

Contribution Value

Sherman function 0.50%

Target thickness extrapolation 0.25%

Device-related systematics 0.24%

Energy cut (0.1%)

Laser polarization (0.10%)

Scattering angle/beam energy (0.20%)

Total 0.61%

HIGH PRECISION 5 MEV MOTT POLARIMETER PHYSICAL REVIEW C 102, 015501 (2020)
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FIG. 18. Fits to the measured asymmetry vs foil thickness for run 1 (a) and run 2 (b), for the allowed Padé functions PA(01), PA(11), and
PA(20), and for asymmetry vs relative rate for run 1 (c) and run 2 (d) and allowed Padé functions PA(11) and PA(02).

determined by the vendor, we use in our experimental analysis
and theoretical models the values we determined by the FE-
SEM method (summarized in the Appendix). The measured
foil thicknesses are generally within 5% of those reported
by the manufacturer. Measuring the scattering asymmetry
for each foil thickness to high statistical precision (less than
0.25%) required from less than 1 h using the thickest foil to
many hours for the thinnest. Only the statistical uncertainties
of the measured asymmetries were included in the target
thickness extrapolation. We could have included any of the
relative systematic uncertainties but these were consistent
with zero. The way we took the data on the different foils en-
sured no changes to the beam or polarimeter and the stability
measurements taken during run 1 and run 2 show no relative
systematic uncertainties (within the statistical precision).

Historically, and at lower energies less than 1 MeV (and
typically 100–200 keV) where multiple and plural scatterings
are more significant, the target thickness extrapolation has
been performed by choosing one of a variety of empirical
or model driven functional forms which lead to systematic
uncertainties at the 1% level [9,48,49]. At higher energies, as
is the case of this polarimeter, it is reasonable to assume that
single and double scattering account essentially for all of the

measured scattering asymmetry as the cross section falls as
the energy is increased greater than 1 MeV.

The dependence of the analyzing power on the single and
double scattering will affect the rate at which the scattering
asymmetry falls with increasing target thickness. For exam-
ple, in the case where there is no polarization dependence in
the second scattering the asymmetry as a function of target
thickness is of the form

A(t ) = A(0)/(1 + βt ).

If instead the second scattering also contributes an (albeit
small) polarization dependence, the asymmetry as a function
of target thickness becomes

A(t ) = A(0)[(1 + αt )/(1 + βt )].

In this paper, rather than limiting the possible functions
to those expected, we have systematized the A(t) fitting pro-
cedure using the method of Padé approximants to determine
those rational functions which best describe the data [50].

A Padé approximant is the quotient of two power series,
which in our case are

A = A(0)
(1 + a1t + a2t2 + a3t3 + · · · · · · + amtm)

1 + b1t + b2t2 + b3t3 + · · · · · · + bntn
.

015501-15

JLab 5 MeV Mott Systematic uncertainties



Møller Scattering
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Longitudinally polarized electrons/target:

d�

d⌦⇤ =
↵2

s

(3 + cos2 ✓⇤)2

sin4 ✓⇤
⇥
1 + PePtAk(✓

⇤)
⇤

Ak =
�(7 + cos2 ✓⇤) sin2 ✓⇤

(3 + cos2 ✓⇤)2
à  At q*=90 deg. à -7/9

Transversely polarized electrons/target

A? =
� sin4 ✓⇤

(3 + cos2 ✓⇤)2 à  At q*=90 deg. à -1/9

Maximum asymmetry independent of beam energy

𝑒 + 𝑒 	→ 𝑒 + 𝑒



Polarized target for Møller polarimeter
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• Originally, Møller polarimeters used Fe-alloy targets, 
polarized in plane of the foil
－Used modest magnetic field

• In-plane polarized targets typically result is systematic 
errors of 2-3%
－Require careful measurement magnetization of foil

• Pure Fe saturated in 4 T field
－Spin polarization well known à 0.25%
－Temperature dependence well known
－No need to directly measure foil polarization

Effect Ms[µB] error

Saturation magnetization (Tà0 K,Bà0 T) 2.2160 ±0.0008

Saturation magnetization (T=294 K, B=1 T) 2.177 ±0.002

Corrections for B=1à4 T 0.0059 ±0.0002

Total magnetization 2.183 ±0.002

Magnetization from orbital motion 0.0918 ±0.0033

Magnetization from spin 2.0911 ±0.004

Target electron polarization (T=294 K, B= 4 T) 0.08043 ±0.00015



Foil saturation
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L. V. de Bever et al. 1 Nucl. Instr. and Meth. in Phys. Rex A 400 (1997) 379-386 385 

pattern of the polarization is rotated by about a degree. 
The light intensity after the analyzer now acquires a 
component with frequency v, with an amplitude pro- 
portional to the magnetization of the foil. 

The signal of the diode is detected with two lockin 
amplifiers tuned to frequencies v and 2v. The ratio of 
their output signals is proportional to the magnetiza- 
tion, and independent of the intensity of the laser, the 
amplitude of modulation of the PEM or the quality of 
the reflection off the iron foil. 

The light beam is focused such that the spot on 
target has a diameter of 2 mm. The incident electron 
beam, which intrinsically has a very small diameter 
( 100 pm), will be rastered over the area covered by 
the light beam using a pair of Helmholtz coils placed 
upstream of the polarimeter. With this arrangement 
the light from the Kerr setup samples nearly the same 
area of the foil as the one that produces the Mnrller 
electrons. 

For target temperatures up to -3OO”C, correspond- 
ing to beam currents of typically 30 PA, the Kerr sys- 
tem tracks the increase of target temperature and the 
corresponding reduction in target magnetization (po- 
larization). For higher beam intensities, where the sur- 
face of the iron foil may suffer modifications due to too 
high a temperature, the Merller target will be mounted 
in a rotating frame with its axis off the beam axis, such 
as to distribute the heat over a larger area. 

5. Performance 

With the target and Kerr system described in the 
previous section, we have carried out many different 
tests; some of the most relevant ones for the final 
performance are described below. 

In order to study the saturation behaviour, we have 
ramped up and down the B-field, and observed the 
Kerr signal. Fig. 5 shows the B-field as a function of 
time, together with the ratio of the v and 2v signals, 
proportional to the foil polarization. As expected from 
Fig. 1 the polarization is a nearly linear function of 
B up to the saturation field of 2.2T. At this field, the 
foil abruptly passes into saturation. Ramping down the 
B-field gives a symmetrical result. 

In order to better estimate how well the iron foil is 
saturated, we show in Fig. 6 an enlarged detail. The 
curvature at the turnover point is compatible with the 

l,,,,/,,c,!l,,,l~ III I,,,- 
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Fig. 5. Kerr measurement: a complete ramp up-down to 3T. 
Dashed curve: magnetic field, solid curve: magnetization. 
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Fig. 6. Saturation measurement: Magnetization as a function of 
applied B field at the point where the foil saturates. 

imperfection in the alignment of the angle of the foil 
(see Fig. 2). Above 2.5 T a very small slope is left; this 
slope is understood in terms of the terms proportional 
to v% and B present in Eq. (3). 

We have also studied the depolarization of iron as a 
function of temperature. For this, the foil was heated 
from the back using a Molybdenum tip equipped with 
a temperature sensor. During a number of heating 
cycles reaching different maximum temperatures, the 
temperature T and the Kerr signal were recorded si- 
multaneously. The resulting data are shown in Fig. 7, 
where our data points are compared to the magneti- 
zation curve as function of T known from Ref. [20]. 
We find excellent agreement, with uncertainties of 

Polarization of target not directly measured when using iron foil driven to magnetic saturation
à Rely on knowledge of magnetic properties of iron
à One can test that foil is in magnetic saturation using magneto-optical Kerr effect (polarization properties of light change 

in magnetic medium)

Kerr effect measurement of foil saturation JLab measurements of asymmetry vs. applied field

Can also test dependence on foil angle 
(misalignment) and heating

Example: Measure degree of saturation vs. applied 
magnetic field
à This can also be tested with polarimeter directly



Levchuk effect
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• On average, about 2 out of 26 atomic electrons in 
Fe atom are polarized 
• Polarized electrons are in outer shells
• Inner shell, more tightly-bound electrons are 

unpolarized

• Electrons scattering from inner-shell electrons 
result in a ”smearing” of the correlation between 
momentum and scattering angle
• For finite acceptance detector, this can result in 

lower efficiency for detection of events scattering 
from more tightly bound (unpolarized) electrons
• Ignoring this “Levchuk*” effect can result in 

incorrect polarization measurements
• First observed experimentally at SLAC in 1995 – 

size of effect depends on detector acceptance
*L. G. Levchuk, Nucl. Instrum. Meth. A345 (1994) 496 

536 M. Swartz et al. /Nucl. Instr. and Meth. in Phys. Res. A 363 (1995) 526-537 

Free e-Target, Run 1329 
I 1 I 1” , , ,, 

0 20 40 60 
Channel 

Fig. 11. The  measured channel-by-channel signal and asymmetry 
for data se t 5 are plotted as solid points . The  signal errors  are 
much smaller than the  diamond s ize . The  bes t fit to the  free-elec- 
tron-target hypothesis  is  shown as a solid histogram. The  dashed 
line indicates  the background s ignal size and asymmetry. 

upon a  linear background polynomial (n = 1). Two atomic 
momentum hypotheses were used to s imulate  the s ignal 
and asymmetry functions. The  firs t hypothesis  assumes 
tha t the target e lectrons a re  a t rest and is  labelled free- 
e lectron-target. The  second hypothesis  uses the a tomic 
momentum dis tributions  and is  labelled bound-elecfron- 
target. 

Typica l fits  of these hypotheses to a  s ingle set of da ta  
(set 5) a re  shown in Figs. 11 and 12. The  s ignal and 
asymmetry measured by each detector channel a re  plotted 
as  solid points . The  s ta tis tica l uncerta inty on each s ignal 
measurement is  much smaller than the point size (typically 
0.1% of the s ignal s ize). The  fits  a re  shown as  solid 
his tograms. The  dashed lines indicate  the size of the 
background s ignal and asymmetry. The  free-electron-target 
hypothesis  clearly underestimates  the observed width of 
the s ignal and yields the polariza tion measurement, PL = 
0.824 k 0.027, where the error is  entire ly s ta tis tica l. The  

Bound e-Target, Run 1329 

I I I I , I I, 

0 20 40 60 
Channel 

Fig. 12. The  measured channel-by-channel signal and asymmetry 
for data se t 5 are plotted as solid points . The  signal errors  are 
much smaller than the  diamond s ize . The  bes t fit to the  bound- 
electron-target hypothesis  is  shown as a solid histogram. The  
dashed line  indicates  the  background signal s ize  and asymmetry. 

- - Free e- hypothws Averages 

0.9 , 
- Bound e- hypothes!s (ml syst. error) 

I I III~ 1 

Measurement 

Fig. 13. The  results  of fitting the  free-electron-target and bound- 
electron-target hypotheses to the  eight data samples . The  beam 
polarization es timates  derived from the  free-electron-hypothesis  
are plotted as diamonds and those  derived from the  bound-elec- 
tron-hypothesis  are plotted as squares. The  mean free-electron- 
target and bound-electron-target results  are plotted at the  le ft of 
the  figure and include the  systematic uncerta inties . For each data 
sample, the  ratio of the  goodness-of-fit parameter, x’. for the  
bound-electron-target hypothesis  to that for the  free-electron-target 
hypothesis  is  shown in the  lower plot. The  mean ratio, 0.083, is  
shown as the  solid horizontal line . 

bound-electron-target hypothesis  provides a  much better 
es timate  of the s ignal shape and yields the polariza tion 
measurement, gL = 0.705 + 0.024. 

The  results  of fitting a ll e ight da ta  sets a re  summarized 
in Fig. 13. The  beam polariza tion estimates  derived from 
the free-electron-hypothesis  a re  plotted as  diamonds and 
those derived from the bound-electron-hypothesis  a re  plot- 
ted as  squares . The  plotted error bars  reflect the s ta tis tica l 
uncerta inties  only. Note  tha t the third measurement tha t 
was made a t a  non-standard beam energy and spin orienta- 
tion is  consistent with the others . The  mean free-electron- 
ta rget and bound-electron-target results , 

0.800 _t O.O09(s ta t.) f O.O34(sys t.), 

@L= 

I 

free-electron-target hypothesis  

0.690 + O.O08(s ta t.) ?  O.O29(sys t.), ’ 
bound-electron-target hypothesis  

a re  plotted a t the right of the figure  and include the 
systematic errors . The  linac polariza tion as  determined 
from the Compton measurements  (0.657 f 0.009) is  a lso 
shown in Fig. 13 and is  1.1 s tandard deviations smaller 
than the bound-electron-target result. The  free-electron- 
ta rget result deviates  from the Compton result by 4.1 
s tandard deviations. 

Further support for the bound-electron-target hypothe- 
sis  comes from examining the goodness-of-fit parameter 
x2 for the two hypotheses. Like  most polarimeter results , 

M. Swartz et al., Nucl. Instrum. Meth. 
A363 (1995) 526 



Møller example: JLab hall C
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• First polarimeter to use high field, out-of-plane polarized target
• Detects scattered and recoil electron in coincidence
• 2 quadrupole optics maintains constant tune at detector plane, independent of beam energy
• “Moderate” acceptance mitigates Levchuk effect à still a non-trivial source of uncertainty
• Target = pure Fe foil, brute-force polarized out of plane with 3-4 T superconducting magnet
• Target polarization uncertainty = 0.25% [NIM A 462 (2001) 382] 
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Møller examples: JLab hall C (systematics)
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Source Uncertainty dA/A (%)
Beam position x 0.5 mm 0.17
Beam position y 0.5 mm 0.28
Beam direction x 0.5 mr 0.10
Beam direction y 0.5 mr 0.10

Q1 current 2% (1.9 A) 0.07
Q3 current 2.5% (3.25 A) 0.05
Q3 position 1 mm 0.10

Multiple scattering 10% 0.01
Levchuk e�ect 10% 0.33

Collimator positions 0.5 mm 0.03
Target temperature 100% 0.14

B-field direction 2o 0.14
B-field strength 5% 0.03

Spin polarization in Fe 0.25
Electronic D.T. 100% 0.04

Solenoid focusing 100% 0.21
Solenoid position (x,y) 0.5 mm 0.23

Additional point–to–point 0.0
High current extrapolation 0.5

Monte Carlo statistics 0.14
Total 0.85

Systematic error table from Q-
Weak (2nd run) in Hall C  (2012)

à Some uncertainties larger than 
usual due to low beam energy 
(1 GeV)

à Levchuk effect, target 
polarization same at all 
energies

Total uncertainty less than 1%



Compton example: JLab Hall A
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Compton polarimeter in Hall A (similar design in Hall C):
1. 4 dipole chicane to deflect beam to laser system
2. Fabry-Perot cavity to provide kW level CW laser power
3. Diamond/silicon strip detectors for scattered electrons
4. Photon detectors operated in integrating mode

àHall A has achieved dP/P=0.52% (photon detection)



Recap
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Ameasured = PbeamAe↵ective

e (Ebeam)

γscatt (Eγ,θγ)

γlaser (λ, Elaser)

e’ (E’e, θe)

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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What polarimetry systematic is reasonable for the EIC?
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Backups
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A-trans for 1, 5, 18 GeV (532 nm)

EIC - R&D Meeting 44
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HERA LPOL
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• Crossing angle 3.3 
deg (58mrad)
• Single photon mode: 

ngamma= 0.001 per 
crossing; s/b=0.2; 
1%msmt at 2.5h
• Multiphoton mode: 

ngamma=1000; 
pulsed laser 100Hz 
(HERA 10MHz); 1% 
1min



Sherman function
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Sherman function describes single-atom elastic scattering from 
atomic nucleus

S(✓) = i
fg⇤ � gf⇤

f2 + g2
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Direct amplitude Spin flip amplitude

In target with finite thickness, electron may scatter more 
than once à Effective Sherman function
à Controlled by making measurements at various foil 
thicknesses and extrapolating to zero

f and g can be calculated exactly for spherically symmetric charge 
distribution

Knowledge of nuclear charge distribution and atomic electron 
distribution leads to systematic error 
à Controlled better than 0.5% for regime 2-10 MeV

HIGH PRECISION 5 MEV MOTT POLARIMETER PHYSICAL REVIEW C 102, 015501 (2020)

to the theoretical uncertainty in the Sherman function in the
few-MeV energy range, and are estimated to be no greater
than ≈0.5%. By measuring the Mott asymmetry from foils
of several different atomic numbers and at several different
energies it may be practical to place meaningful bounds on
this theoretical uncertainty.

These favorable experimental and theoretical considera-
tions led us to develop a Mott polarimeter capable of high
statistical precision measurements, which was optimized for a
5-MeV electron beam, the nominal value at the Continuous
Electron Beam Accelerator Facility (CEBAF) injector. The
5-MeV polarimeter we describe here has been in use for over
20 years, and has proven to be a readily available, easily
used, and reliable monitor of beam polarization in the low-
energy region of the injector. For beam energies now reaching
11 GeV, the beam polarization is not measurably degraded
during multiple acceleration passes through the full CEBAF
accelerator, and remains entirely in the horizontal plane in
both the polarized injector and the experimental halls, despite
the intervening vertical bends to separate and recombine the
beams from different passes through the linear accelerators
[20]. Thus the polarization measured in the low-energy region
of the injector is directly relevant to the polarization measured
at the final energy in the experimental halls over the full
energy range of the present accelerator.

Since our original development of this polarimeter, sig-
nificant improvements to the shielding, detectors, electron-
ics, time-of-flight system, and beam dump have been made,
resulting in the current version of the polarimeter presented
below. A very early result reported asymmetry measurements
from foils of three different Zs (29, 47, and 79) in reasonable
agreement with expectations, as well as OTR measurements
showing that the beam profile was independent of the beam
polarization to a high degree [21]. Detailed measurements
of a beam with constant polarization at three different beam
energies (2.75, 5.0, and 8.2 MeV) made with the original
polarimeter with the addition of time-of-flight background
rejection have been presented, along with fits to the asym-
metry versus target foil thickness at each energy using a
semiempirical model based on Wegener’s study of the double-
scattering problem [22,23]. The entire three-energy data set
was fit very well with this model, as shown in Fig. 1, and
is consistent with the polarization at all three beam energies
being the same within about 0.3%. It is worth noting that
foil thicknesses spanning a factor of 100, from 0.05 to 5 µm,
were used in these measurements. Using an unpolarized beam,
it was determined that the instrumental asymmetry of the
polarimeter was (4 ± 6) × 10−4. Finally, it should be noted
that no radiative corrections were included in the computation
of the Sherman function at these three energies. Given the
dependence of the leading-order radiative corrections on en-
ergy, this result provides strong circumstantial support that the
net effect of these corrections largely cancels, as theoretically
anticipated.

One other polarimeter operating in the MeV range at an
accelerator has been reported [24]. This device was operated
between 1 and 3.5 MeV at the MAMI microtron accelerator at
Mainz. It employed two double-focusing spectrometer mag-
nets followed by scintillation detectors, with a fixed scattering
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FIG. 1. Asymmetry vs foil thickness measured at three different
energies with the original version of the polarimeter. The fits to
the three data sets (measured scattering asymmetry vs target foil
thickness) are based on the semiempirical model developed by
Steigerwald [22]. The fit intercept at zero foil thickness, along with
the theoretically calculated Sherman function, then determines the
beam polarization.

angle of 164◦, corresponding to the maximum analyzing
power at 2 MeV. They reported a reproducibility better than
1% in their asymmetry measurements, and they believe they
reach an absolute accuracy for the measured polarization of
about 1%.

II. MOTIVATION AND METHODS

The motivation for our MeV Mott polarimetry studies has
been to reduce the uncertainty in the measured polarization
of longitudinally polarized electron beams used for parity-
violation studies at CEBAF. This is because uncertainty in the
beam polarization is the dominant uncertainty in the measured
parity-violating asymmetry in the scattering of longitudinally
polarized electrons from nuclear or electron targets. The high-
precision Mott polarimeter described here not only provides
an independent measurement of the beam polarization from
the injector, but is a very useful instrument to normalize
the polarization measured by various polarimeters in the
experimental halls [25]. A meaningful reduction in the un-
certainty of the electron-beam polarization will directly im-
pact the physics interpretation of high-energy parity-violation
measurements.

In this paper we have employed methods to test and
improve both the accuracy and precision of the measured
beam polarization. The accuracy was improved by performing
theoretical calculations of the Sherman function, applying
statistical analyses to the analyzing power dependence on
polarimeter target thickness, and developing GEANT4 simu-
lations to model and validate the analyses. The precision of
the polarimeter was investigated by detailed examination of
the dependence of the measured physics asymmetry on the
detector signals that are recorded to isolate the polarization
dependent Mott elastic signal, as well as a number of poten-
tially important systematic effects.

015501-3



Mott examples: MAINZ MeV 
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Mott polarimeter in MAMI accelerator at Mainz installed after injector linac

Scattering angle = 164 degrees
à Sherman function peaks at 2 MeV

Background from dump suppressed by using deflection 
magnets to steer scattered electrons to detectors – no 
direct line of site to beam dump

Dominant systematics from Sherman function, zero-
thickness extrapolation, background
àGEANT simulations suggest backgrounds ~ 1%

Systematic uncertainty better than 1% achievable with 
some additional effort



Double-Mott polarimeter
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Use double-scattering to measure effective Sherman function 
empirically

àUnpolarized electrons scatter from target foil – resulting 
polarization: Pscatt = Seff

àPolarized electrons scatter from 2nd, identical foil 

Resulting asymmetry : Aobs = S2eff

THE POLARIMETRY CHAIN FOR THE P2 EXPERIMENT 189

Fig. 2. – Scheme of a double scattering process for determination of Seff (taken from [10]).

Virgina. It will be transported to Mainz with the goal to establish atomic trapping
and to provide measurements of hydrogen electronic polarization and, furthermore, of
its behaviour under excitation with the high intensity 180 MeV beam of MAMI-A. We
consider these preparatory experiments as necessary input for the construction of an
operational Hydro-Møller polarimeter which would become available before the start of
the P2 data taking.

4. – Double scattering Mott polarimeter, DSMP

In double elastic scattering the problem of determination of Seff (eq. (1)) is attacked
from a radically different viewpoint. Assuming symmetry of the process under time
reversal one finds that in elastic scattering the analyzing and the polarizing power are
identical. If an elastic scattering process is characterized by an effective analyzing power
Seff we therefore find that the initially unpolarized particles get polarized to a degree
P = Seff (see fig. 2). Under the assumption of parity conservation (very well justified at
the low energies of the DSMP) and for an unpolarized target the polarization direction
will be normal to the scattering plane. If we perform a second scattering with these
particles under the same conditions we find an experimental asymmetry

(3) Aexp = Seff ∗ P = S2
eff .

The measurement of Aexp therefore directly determines the effective analyzing power
except for the sign. After calibration a subsequent measurement may be done with a
polarized beam and the polarization may be obtained according to eq. (1). Several pitfalls
threaten this seemingly simple concept, especially one may question how to guarantee
the equality of both scatterings, i.e. the target thicknesses, the solid angles and so on.
In a series of experiments at the University of Münster [10-12] it was demonstrated that
such factors can be controlled at the sub-percent level. The quoted uncertainty in the
calibration of Seff is 0.3%.

A further advantage of the double scattering method is that independent cross checks
are possible if a polarized beam is available. It is then also possible to give up the
condition of identical targets. Whereas one target has an analyzing power Seff , the



Møller polarimetry
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• Møller polarimetry benefits from large longitudinal 
analyzing power à -7/9 (transverse à -1/9)
à Asymmetry independent of energy
à Relatively slowly varying near θcm=90o

à Large asymmetry diluted by need to use iron 
foils to create polarized electrons 

• 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

• Rates are large, so rapid measurements are easy
• The need to use Fe or Fe-alloy foils means 

measurement must be destructive
•  Foil depolarization at high currents

𝑒 + 𝑒 	→ 𝑒 + 𝑒



Polarized target for Møller polarimeter

Ciprian Gal 50

• Originally, Møller polarimeters used Fe-alloy targets, 
polarized in plane of the foil
－Used modest magnetic field

• In-plane polarized targets typically result is systematic 
errors of 2-3%
－Require careful measurement magnetization of foil

• Pure Fe saturated in 4 T field
－Spin polarization well known à 0.25%
－Temperature dependence well known
－No need to directly measure foil polarization

Effect Ms[µB] error

Saturation magnetization (Tà0 K,Bà0 T) 2.2160 ±0.0008

Saturation magnetization (T=294 K, B=1 T) 2.177 ±0.002

Corrections for B=1à4 T 0.0059 ±0.0002

Total magnetization 2.183 ±0.002

Magnetization from orbital motion 0.0918 ±0.0033

Magnetization from spin 2.0911 ±0.004

Target electron polarization (T=294 K, B= 4 T) 0.08043 ±0.00015



Foil saturation
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L. V. de Bever et al. 1 Nucl. Instr. and Meth. in Phys. Rex A 400 (1997) 379-386 385 

pattern of the polarization is rotated by about a degree. 
The light intensity after the analyzer now acquires a 
component with frequency v, with an amplitude pro- 
portional to the magnetization of the foil. 

The signal of the diode is detected with two lockin 
amplifiers tuned to frequencies v and 2v. The ratio of 
their output signals is proportional to the magnetiza- 
tion, and independent of the intensity of the laser, the 
amplitude of modulation of the PEM or the quality of 
the reflection off the iron foil. 

The light beam is focused such that the spot on 
target has a diameter of 2 mm. The incident electron 
beam, which intrinsically has a very small diameter 
( 100 pm), will be rastered over the area covered by 
the light beam using a pair of Helmholtz coils placed 
upstream of the polarimeter. With this arrangement 
the light from the Kerr setup samples nearly the same 
area of the foil as the one that produces the Mnrller 
electrons. 

For target temperatures up to -3OO”C, correspond- 
ing to beam currents of typically 30 PA, the Kerr sys- 
tem tracks the increase of target temperature and the 
corresponding reduction in target magnetization (po- 
larization). For higher beam intensities, where the sur- 
face of the iron foil may suffer modifications due to too 
high a temperature, the Merller target will be mounted 
in a rotating frame with its axis off the beam axis, such 
as to distribute the heat over a larger area. 

5. Performance 

With the target and Kerr system described in the 
previous section, we have carried out many different 
tests; some of the most relevant ones for the final 
performance are described below. 

In order to study the saturation behaviour, we have 
ramped up and down the B-field, and observed the 
Kerr signal. Fig. 5 shows the B-field as a function of 
time, together with the ratio of the v and 2v signals, 
proportional to the foil polarization. As expected from 
Fig. 1 the polarization is a nearly linear function of 
B up to the saturation field of 2.2T. At this field, the 
foil abruptly passes into saturation. Ramping down the 
B-field gives a symmetrical result. 

In order to better estimate how well the iron foil is 
saturated, we show in Fig. 6 an enlarged detail. The 
curvature at the turnover point is compatible with the 
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Fig. 5. Kerr measurement: a complete ramp up-down to 3T. 
Dashed curve: magnetic field, solid curve: magnetization. 
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Fig. 6. Saturation measurement: Magnetization as a function of 
applied B field at the point where the foil saturates. 

imperfection in the alignment of the angle of the foil 
(see Fig. 2). Above 2.5 T a very small slope is left; this 
slope is understood in terms of the terms proportional 
to v% and B present in Eq. (3). 

We have also studied the depolarization of iron as a 
function of temperature. For this, the foil was heated 
from the back using a Molybdenum tip equipped with 
a temperature sensor. During a number of heating 
cycles reaching different maximum temperatures, the 
temperature T and the Kerr signal were recorded si- 
multaneously. The resulting data are shown in Fig. 7, 
where our data points are compared to the magneti- 
zation curve as function of T known from Ref. [20]. 
We find excellent agreement, with uncertainties of 

Polarization of target not directly measured when using iron foil driven to magnetic saturation
à Rely on knowledge of magnetic properties of iron
à One can test that foil is in magnetic saturation using magneto-optical Kerr effect (polarization properties of light change 

in magnetic medium)

Kerr effect measurement of foil saturation JLab measurements of asymmetry vs. applied field

Can also test dependence on foil angle 
(misalignment) and heating

Example: Measure degree of saturation vs. applied 
magnetic field
à This can also be tested with polarimeter directly



Levchuk effect
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• On average, about 2 out of 26 atomic electrons in 
Fe atom are polarized 
• Polarized electrons are in outer shells
• Inner shell, more tightly-bound electrons are 

unpolarized

• Electrons scattering from inner-shell electrons 
result in a ”smearing” of the correlation between 
momentum and scattering angle
• For finite acceptance detector, this can result in 

lower efficiency for detection of events scattering 
from more tightly bound (unpolarized) electrons
• Ignoring this “Levchuk*” effect can result in 

incorrect polarization measurements
• First observed experimentally at SLAC in 1995 – 

size of effect depends on detector acceptance
*L. G. Levchuk, Nucl. Instrum. Meth. A345 (1994) 496 

536 M. Swartz et al. /Nucl. Instr. and Meth. in Phys. Res. A 363 (1995) 526-537 
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Fig. 11. The  measured channel-by-channel signal and asymmetry 
for data se t 5 are plotted as solid points . The  signal errors  are 
much smaller than the  diamond s ize . The  bes t fit to the  free-elec- 
tron-target hypothesis  is  shown as a solid histogram. The  dashed 
line indicates  the background s ignal size and asymmetry. 

upon a  linear background polynomial (n = 1). Two atomic 
momentum hypotheses were used to s imulate  the s ignal 
and asymmetry functions. The  firs t hypothesis  assumes 
tha t the target e lectrons a re  a t rest and is  labelled free- 
e lectron-target. The  second hypothesis  uses the a tomic 
momentum dis tributions  and is  labelled bound-elecfron- 
target. 

Typica l fits  of these hypotheses to a  s ingle set of da ta  
(set 5) a re  shown in Figs. 11 and 12. The  s ignal and 
asymmetry measured by each detector channel a re  plotted 
as  solid points . The  s ta tis tica l uncerta inty on each s ignal 
measurement is  much smaller than the point size (typically 
0.1% of the s ignal s ize). The  fits  a re  shown as  solid 
his tograms. The  dashed lines indicate  the size of the 
background s ignal and asymmetry. The  free-electron-target 
hypothesis  clearly underestimates  the observed width of 
the s ignal and yields the polariza tion measurement, PL = 
0.824 k 0.027, where the error is  entire ly s ta tis tica l. The  

Bound e-Target, Run 1329 
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Fig. 12. The  measured channel-by-channel signal and asymmetry 
for data se t 5 are plotted as solid points . The  signal errors  are 
much smaller than the  diamond s ize . The  bes t fit to the  bound- 
electron-target hypothesis  is  shown as a solid histogram. The  
dashed line  indicates  the  background signal s ize  and asymmetry. 
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Fig. 13. The  results  of fitting the  free-electron-target and bound- 
electron-target hypotheses to the  eight data samples . The  beam 
polarization es timates  derived from the  free-electron-hypothesis  
are plotted as diamonds and those  derived from the  bound-elec- 
tron-hypothesis  are plotted as squares. The  mean free-electron- 
target and bound-electron-target results  are plotted at the  le ft of 
the  figure and include the  systematic uncerta inties . For each data 
sample, the  ratio of the  goodness-of-fit parameter, x’. for the  
bound-electron-target hypothesis  to that for the  free-electron-target 
hypothesis  is  shown in the  lower plot. The  mean ratio, 0.083, is  
shown as the  solid horizontal line . 

bound-electron-target hypothesis  provides a  much better 
es timate  of the s ignal shape and yields the polariza tion 
measurement, gL = 0.705 + 0.024. 

The  results  of fitting a ll e ight da ta  sets a re  summarized 
in Fig. 13. The  beam polariza tion estimates  derived from 
the free-electron-hypothesis  a re  plotted as  diamonds and 
those derived from the bound-electron-hypothesis  a re  plot- 
ted as  squares . The  plotted error bars  reflect the s ta tis tica l 
uncerta inties  only. Note  tha t the third measurement tha t 
was made a t a  non-standard beam energy and spin orienta- 
tion is  consistent with the others . The  mean free-electron- 
ta rget and bound-electron-target results , 

0.800 _t O.O09(s ta t.) f O.O34(sys t.), 

@L= 

I 

free-electron-target hypothesis  

0.690 + O.O08(s ta t.) ?  O.O29(sys t.), ’ 
bound-electron-target hypothesis  

a re  plotted a t the right of the figure  and include the 
systematic errors . The  linac polariza tion as  determined 
from the Compton measurements  (0.657 f 0.009) is  a lso 
shown in Fig. 13 and is  1.1 s tandard deviations smaller 
than the bound-electron-target result. The  free-electron- 
ta rget result deviates  from the Compton result by 4.1 
s tandard deviations. 

Further support for the bound-electron-target hypothe- 
sis  comes from examining the goodness-of-fit parameter 
x2 for the two hypotheses. Like  most polarimeter results , 

M. Swartz et al., Nucl. Instrum. Meth. 
A363 (1995) 526 



Møller example: SLAC E154 
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Single-arm polarimeter used in End Station at SLAC in the 1990’s

à Low field, in-plane polarized target
à 2-detectors, but did not detect scattered and recoil electrons in 

coincidence
à Scattered electrons steered to detectors using dipole – no 

focusing quads
à Electrons detected with silicon strip detectors
à Overall systematic uncertainty 2.4%, dominated by target 

polarization (1.7%) and background subtraction (2%)

30 H.R. Band et al. iNuc1. instr. and _Meth. in Phys. Res. A 400 jf997) 24-33 

is then proportional to the number of incident Msller 
electrons. 

The silicon channels were connected to 96 charge 
sensitive preamplifiers [9]. The preamplifiers inte- 
grated the total charge deposited in each silicon strip 
over the 250ns beam spill. The preamplifier output 
was brought to the ESA counting house into SLAC- 
designed ADC’s. The ADC’s resided in E-154 beam 
CAMAC crates but were only read out during Moller 
runs. Linearity calibrations were made before and af- 
ter the E - 154 data run. Nonlinearities were less than 
0.5% and typically less than 0.1% with the exception 
of one channel in the top detector which is not used 
in the present analysis. 

4. M&er data 

The polarized electron beam was produced by 
photo-emission from a strained GaAs photo-cathode 
illuminated with circularly polarized light from a 
flashlamp-pum~d Ti-sapphire laser [lo]. The light 
helicity was reversed randomly pulse by pulse. The 
beam helicity for each pulse was tagged by a right(R) 
or left(L) bit and this information was transmitted 
to the pola~meter. The beam was accelerated to 
48.8GeVjc and delivered to the experiment through 
SLAC beam-line A. The beam lost 400 MeV of en- 
ergy due to synchrotron radiation before entering the 
end station. The electron spin rotates through 7.5 rev- 
olutions in the A-line thus reversing the beam helicity 
in the end station relative to the source. 

Moller data were taken during special dedicated 
E-154 runs. Moller data taking required different 
beam optics from normal E -154 data taking. A 
quadrupole, between the Moller target and mask, had 
to be turned off. Upstream quads were then adjusted 
to maintain reasonable beam sizes. The Moller target 
was then positioned in the beam and the Moller mag- 
net was turned on. Moller data runs were typically 
10 min and yielded a statistical error of 0.01. Runs 
were usually taken in pairs with opposite polarity tar- 
get fields. As the beam quality improved, systematic 
studies of the pol~zation dependence on the A-line 
beam energy and the source laser parameters were 
made, After the longitudinal beam polarization was 
optimized, the beam polarization was stable. 

5. Data analysis 

The Mraller analysis proceeded through two steps. 
The first-pass analysis calculated average pulse 
heights and errors for each channel from the pulse 
by pulse data. Separate averages were made for 
pulses tagged by R and L polarization bits. Corre- 
lations between channels in the pulse by pulse data 
were calculated and recorded in a covariance ma- 
trix. A very loose beam current requirement was 
made before including the pulse in the overall av- 
erages. A summary file containing the ADC aver- 
ages, errors, and correlations, as well as useful beam 
and polarimeter parameters was written for each 
run. 

A second-pass analysis read the summary file and 
formed sum (R+L) and difference (R-L) averages 
and errors for each channel. Typical (R+L) and 
(R-L) line-shapes for the top detector are shown in 
Fig. 6. 

The background under the unpolarized (R+L) 
Moller scatters was estimated by fitting the (R+L) 
lineshape to an arbitrary quadratic background plus 
the lineshape expected from unpolarized Moller 
scattering. The technique for estimating the unpo- 
larized lineshape used the observed R-L line-shape 
and the angular smearing functions shown in Fig. 1 
to generate a predicted R+L line-shape for Moller 
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Fig. 6. The measured unpolarized (R+L) lineshape (a) and the 
polarized (R-L) lineshape (b) in the top detector are shown for a 
typical run. The dashed line is the fitted unpolarized background. 
The solid line is the fitted unpolarized Mraller line-shape plus 
background. 

32 H.R. Band et al. I NUN. I&r. and Meth. in Phys. Rm. A 400 (1997) 24-33 
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Fig. 7. Beam polarization determined from data using different 
target foils plotted versus the foil number as defined in Table 1 .The 
solid line is a fit to the mean polarization. 

rejected by these cuts. No signific~t change in the 
measured polarization was seen. 

4.3. Detector ~e~e~~~n~e 

The average beam polarization determined by 
each of the 5 detectors was calculated for runs with 
f BY dE = 33 kG m. The polarizations so determined fit 
the common mean of 0.824 with a x2 of 9.7 for 4 dof. 
To investigate if the poor X2/dof was due to a sys- 
tematic misali~ment or error inl BY dl, the data were 
reanalyzed while varying J By dl. It was found that a 
J B,, dl 1% lower than nominal reduced the spread in 
the pol~zation values determined from each detector 
to X2/dof = 1 while raising the mean to 0.827. 

Alternatively, the 0.7% momentum uncertainty 
from the magnetic measurement data implies an aver- 
age 0.3% uncertainty in the analyzing power of each 
detector. Adding this uncertainty in quadrature to the 
statistical error of the each detector would also result 
in a X2/dof of 1. To accommodate these findings, 
a 0.3% systematic error is assigned to the calculation 
of the detector analyzing power. 

6.4. Range dependence 

As described in the analysis section, the measured 
Marller asymmetry is determined by integrating (sum- 
ming) the (R+L) and (R-L) pulse heights across the 
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Fig. 8. Calculated asymmetv scaled by detector analyzing power 
determined by the top detector (solid curve) and average of the 
bottom detectors (dotted curve) plotted against the number of 
detector channels used in the sum over (R+L) and (R-L) data. 
The number of bottom channels is multiplied by 4 since the bottom 
channels are four times wider than the top. The present analysis 
sums over 21 channels as indicated by the arrow. 

Mprlfer peak. If the number of channels included in the 
integration range is too small, the asymmetry would 
be sensitive to the effects of the target electron atomic 
motion [3]. The sensitivity of the calculated asymme- 
try scaled by the detector analyzing power to the num- 
ber of channels included in the integral is shown in 
Fig. 8. The present analysis uses 21 channels for the 
top detector and an equivalent number for the bottom 
detectors. A systematic uncertaintyof 0.3% is assigned 
to reflect the variation in the average beam polariza- 
tion as the range is varied from 20 to 30 channels. 

7. Systematic error 

The overall systematic error has contributions from 
the foil poI~ization, unce~ainties in the expected 
Merller asymmetry for each detector, and uncertainties 
in the background subtraction. The various contri- 
butions to the systematic error are summarized in 
Table 2. 

The largest uncertainty is ascribed to the back- 
ground correction which on average increases the 
raw asymmetry by 20%. As a check of the sensitiv- 
ity of the calculated polarization to the shape of the 



Møller example: JLab hall C
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• First polarimeter to use high field, out-of-plane polarized target
• Detects scattered and recoil electron in coincidence
• 2 quadrupole optics maintains constant tune at detector plane, independent of beam energy
• “Moderate” acceptance mitigates Levchuk effect à still a non-trivial source of uncertainty
• Target = pure Fe foil, brute-force polarized out of plane with 3-4 T superconducting magnet
• Target polarization uncertainty = 0.25% [NIM A 462 (2001) 382] 

!"#$%&%

'(%

')%*+,,-&./+01%

23/3*/+01%

43.&%

/.053/%

1+,36+-2%

("#78%&% 8"(9%&%

(":::%&%

(%&%

'(%

')%*+,,-&./+01%

23/3*/+01%

43.&%

/.053/%

1+,36+-2%

)"()$%&% 8";9$%&%

':%



Møller examples: JLab hall C (systematics)
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Source Uncertainty dA/A (%)
Beam position x 0.5 mm 0.17
Beam position y 0.5 mm 0.28
Beam direction x 0.5 mr 0.10
Beam direction y 0.5 mr 0.10

Q1 current 2% (1.9 A) 0.07
Q3 current 2.5% (3.25 A) 0.05
Q3 position 1 mm 0.10

Multiple scattering 10% 0.01
Levchuk e�ect 10% 0.33

Collimator positions 0.5 mm 0.03
Target temperature 100% 0.14

B-field direction 2o 0.14
B-field strength 5% 0.03

Spin polarization in Fe 0.25
Electronic D.T. 100% 0.04

Solenoid focusing 100% 0.21
Solenoid position (x,y) 0.5 mm 0.23

Additional point–to–point 0.0
High current extrapolation 0.5

Monte Carlo statistics 0.14
Total 0.85

Systematic error table from Q-
Weak (2nd run) in Hall C  (2012)

à Some uncertainties larger than 
usual due to low beam energy 
(1 GeV)

à Levchuk effect, target 
polarization same at all 
energies

Total uncertainty less than 1%



Møller polarimetry with atomic hydrogen
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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 à polarization measurements expected within 
the next couple years

Application at  EIC?
à Gas heating by radiation drops density 
by factor ~ 100 to 1000
àBeam creates field 0.2-2 kV/cm – traps 
positive ions
Maybe some kind of H jet target can be 
used instead?



Møller polarimetry with jet targets
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• Møller not typically used in storage rings since 
commonly used targets are destructive to the beam 
à iron and iron-alloy foils

àJet target would be non-destructive – some 
measurements with jet targets have been done at 
VEPP-3 

• What precision on target polarization can be 
achieved with jet targets?

àRHIC H-JET target polarization known to better 
than 1%

• Some R&D would be required, but precision Møller 
polarimetry in storage rings may be feasible
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Figure 1: Lay-out of Møller Polarimeter with Internal Tar-
get.

EXPERIMENTAL SETUP
The internal target with the thickness of � 5 · 1011

electron/cm2 is formed by the jet of polarized deuterium
atoms from the Atomic Beam Source (ABS) of Deuteron
Facility [3]. Gas jet crosses the electron beam at a right an-
gle near the axis of VEPP-3 vacuum chamber (see Fig.1).
High degree of electron polarization (�t � 100%) of the jet
as well as a high-quality focusing of the latter is achieved
by the use of a set of sextupole magnets in ABS. With the
purpose to reduce the flow of atoms into the storage ring
and to get better background condition a rectangular slit di-
aphragm with a size of 4x15 mm was introduced between
ABS and the vacuum chamber of the storage ring. The ion
pump was used to pump the reflected atoms from the vicin-
ity of the diaphragm. In the vacuum chamber of the stor-
age ring three ion pumps were used. However a relatively
high background pressure was observed in the experiment
(see below). It could be explained by high density of the
gas near the rectangular diaphragm due to pumping speed
of ion pumps were smaller than nominal. The direction
of target polarization was flipping periodically (every 20
sec) parallel or anti-parallel to the electron beam polariza-
tion. It is done by the holding field magnet, which creates
a magnetic field with magnitude 300 G near the beam-jet
interaction region (see Fig.1).

The polarimeter detector system (see Fig.1) is placed at
116 cm distance from the target jet. It consists of two nearly
identical arms, installed symmetrically with respect to XZ-
plane, to detect both electrons in coincidence taking into
account their coordinate correlation in XY -plane. The co-
ordinate resolution of the detecting system is estimated to
be about 0.2 mm. The geometrical factor determined by a
solid angle of the detection system Ag � 0.089÷ 0.088 in
the energy range E = 1900 ÷ 1800 MeV. Design param-
eters of the polarimeter provide a counting rate of about 6

0
500
1000
1500
2000
2500
3000
3500

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
θ1•θ2•γ/2

N
/0
.0
1

θ1•θ2•γ/2θ1•θ2•γ/2

a)

Recorded events
Rate(Tot)=49Hz

Rate(peak)=5Hz

σ(peak)=2.3%

Eff/Bg(±2σ)=.75

0
250
500
750
1000
1250
1500
1750
2000

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
θ1•θ2•γ/2

N
/0
.0
1

θ1•θ2•γ/2θ1•θ2•γ/2

b)

Selected events
Rate(Tot)=14.8Hz

Rate(peak)=3.2Hz

σ(peak)=1.8%

Eff/Bg(±2σ)=1.2

Figure 2: The distributions over parameter R for typical 1
hour run. a) no selection; b) background suppressed.

Hz at the beam current of � 100 mA. It takes about 8 min-
utes for data acquisition to measure the asymmetry with a
20% statistical error in case of 80% beam polarization.

DATA ANALYSIS

In the experiment the average event rate was 50-70 Hz
that is about 10 times larger than the expected one. The
residual gas in vacuum chamber is found to be the main
source of background. In presence of the target the gas den-
sity increases in a wide region around the target because
of non-Gaussian tails of the gaseous jet and of a lack of
pumping capacity. The events of e�e� scattering are se-
lected using the polar and azimuthal angular correlations
pertinent to elastic scattering. Then the distribution of se-
lected events over the parameter R = �1 · �2�/2 (�1,2 are
the polar angles of two detected electrons) is analyzed. A
typical example is shown in Fig.2. The peak corresponds
to the beam-jet scattering and the wide wings are due to
background events. The background contribution of ’natu-
ral’ residual gas is estimated from the run with no jet. An-
other wide background could be explained by insufficient
pumping speed for atoms reflected by the diaphragm. This
background shape is tested in a special experiment with a
controllable leak of the deuterium gas used instead of a jet.
The effect/background ratio under the peak (±2�) is about
0.75. To observe the effect of beam polarization the events
are separated into two groups according to a sign of target
polarization. Two distributions over R for different target
polarizations are used to determine the polarization from
(2).
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Compton example: JLab Hall A
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Compton polarimeter in Hall A (similar design in Hall C):
1. 4 dipole chicane to deflect beam to laser system
2. Fabry-Perot cavity to provide kW level CW laser power
3. Diamond/silicon strip detectors for scattered electrons
4. Photon detectors operated in integrating mode

àHall A has achieved dP/P=0.52% (photon detection)



Fabry-Perot Cavity Laser System
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Laser EOM
Cavity

~ Oscillator

Phase
shifter

Mixer

Low-pass filter

Servo
amp

Optical
isolator

Photodiode

Due to relatively low intensity of 
JLab electron beam, need higher 
laser power
à Use external Fabry-Perot cavity to 

amplify  1-10 W laser to 1-5 kW 
of stored laser power

Key systematic: Laser polarization in Fabry-Perot cavity
à Constrain by monitoring light reflected back from cavity and 
measurement of cavity birefringence



Compton photon detector
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A. Zec Thesis: DOI: 10.18130/xpq1-7090
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How the sausage is made
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A. Zec Thesis: DOI: 10.18130/xpq1-7090
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Compton spectra
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• Typical Compton spectrum was well 
characterized by simulations
• Measurements during data collection on 

the lead target showed a very large 
background from thermal neutrons

A. Zec Thesis: DOI: 10.18130/xpq1-7090

https://doi.org/10.18130/xpq1-7090


Combined results
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