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Outline

1 Motivation for precise electron polarimetry: PV experiments.
New challenges:

JLab experiments at 11 GeV
New projects/proposals for lower energy (<0.5 GeV), high intensity
(> 1 mA) machines: Mainz(MESA), MIT, Cornell

2 State of the art polarimetry
Experience at low energies (< 6 GeV)
Recent push for high accuracy at JLab
Experiment QWeak at 1.16 GeV is close to completion
Possible improvements
Extrapolation to the Cornell’s ERL project: 0.5 GeV, 10 mA

Acknowledgment: Thanks the QWeak team (D.Gaskell, M.Dalton, A.Narayan)
for information and useful discussions
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Motivation for Precise Electron Beam Polarimetry

New Generation of Parity Violation (PV) experiments

JLab at 12 GeV: starting in ∼ 1 year - 2-11 GeV available

New machines at 100-500 MeV: the main topic at this workshop

PV at JLab 11 GeV
JLab at 6 GeV - good for PV
11 GeV expected to be similar:

• High polarization ∼ 87%
• Beam current < 80µA
• Low noise beam

◦ EW Møller
◦ EW DIS
◦ Neutron skin at ∼2 GeV

Polarimetry with exiting techniques:
0.5%: challenging

PV at 100-500 MeV
• High polarization ∼ 87%
• Very high beam current
∼ 1− 10 mA

• Beam quality: very stringent
(small A ∝ Q2)

◦ EW e p→ e p (as QWeak)

Polarimetry with exiting techniques:
0.5% at 500 MeV: very challenging
0.5% at <300 MeV: ?

may need a new technique
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Important Features of Electron Polarimetry
Electron polarization measurements: humbling experience
There is a history of large errors of ∼ 10%
(SLAC - Levchuk effect; DESY - Compton calorimeter ...)

• Experiments are long, various things may change on the way
• Precise polarimetry: an experiment in its own right

requiring considerable resources

• Stat. error for a period of a possible polarization change (∼ 1 h)
• Stat. error & number of measurements⇒ handle on the systematics
• Systematic error:

• Does polarimetry use the same beam (energy, current, location) as
the experiment ?

• Continuous or intermittent (invasive)? Non-invasive:
◦ Better averaging?
◦ More opportunities for systematic studies!

• Two different polarimeters/methods highly desirable
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Methods Used for Absolute Electron Polarimetry

Spin-dependent processes with a known analyzing power.
Atomic Absorption

~e − ∼50 keV decelerated to ∼13 eV ~e − + Ar → ~Ar∗ + e−, ~Ar∗ → Ar + (hν)σ

Atomic levels: (3p54p)3D3 → (3p64s)3P2 811.5nm fluorescence
Potential σsyst ∼ 1%. Under development (Mainz) - only relative so far.
Currently - invasive, diff. beam

Spin-Orbital Interaction
Mott scattering, 0.1-10 MeV: e − ↑ + Z → e− + Z
σsyst ∼3%,⇒1% (?)
Mainz group: double Mott - absolute measurement σsyst ∼0.3% seems
feasible. invasive, diff. beam

Spin-Spin Interaction
• Møller scattering: ~e − + ~e − → e− + e− at >0.1 GeV, σsyst ∼ 1-2% ,⇒ 0.5%

intermittent, mostly invasive, diff. beam
• Compton scattering: ~e − + (hν)σ → e− + γ at >0.5 GeV ∼ 1-2%,⇒0.5%.

non-invasive, same beam
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Compton Polarimetry σ↑↑−σ↑↓
σ↑↑+σ↑↓

= A · PbPt Møller Polarimetry
~e − + (hν)σ → e− + γ QED.
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• Rad. corrections to Born < 0.1%

• Detecting e−, γ
• Strong dA

dk ′
- good σEγ/Eγ needed

• A ∝ kE at E < 20 GeV
• T ∝ 1/(σ · A2) ∝ 1/k2 × 1/E2

• Plaser ∼ 100%
• Non-invasive measurement

Syst. error 3→50 GeV: ∼ 1.→ 0.5%

~e − + ~e − → e− + e− QED.
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• Rad. corrections to Born < 0.3%

• Detecting the e− at θCM ∼ 90◦

• dA
dθCM
|90◦ ∼ 0 - good systematics

• Beam energy independent
• Coincidence - no background
• Ferromagnetic target PT ∼ 8%
◦ 〈IB〉 < 3 µA (heating 1%/100◦C)
◦ Levchuk effect (atomic e−)
◦ Low PT ⇒ dead time
◦ Syst. error σ(PT ) > 0.4%
◦ Invasive measurement
◦ Best syst. errors reported 0.5-1%
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Compton Polarimeters: Best Accuracy at High Energy

SLAC SLD

• Beam: 45.6 GeV
• Beam: 3.5 · 1010e−×120 Hz ∼ 0.7 µA
• Laser: 532 nm, 50 mJ at 7 ns × 17 Hz
• Crossing angle 10 mrad

σ(P)/P
source SLD ILC

1998 Goal
Laser polarization 0.10% 0.10%
Analyzing power 0.40% 0.20%
Linearity 0.20% 0.10%
Electronic noise 0.20% 0.05%
total 0.50% 0.25%

M.Woods, JLab Polarimetry workshop, 2003

• e− 17-30 GeV detector - gas
Cherenkov

• γ detector - calorimeter
• Statistics 1% in 3 min
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Compton Polarimeter in Hall A at JLab: CW cavity

λ
P=1kW

=1064 nm, k=1.65 eV
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Electron Beam Electrons detector

Photons detector
Magnetic Chicane

k’

E’

E

• Beam: 1.5-6 GeV
• Beam: 5− 100 µA at 500 MHz
• Laser: 1064 nm, 0.24 W
• Fabry-Pérot cavity ×4000⇒ 1 kW
• Crossing at 23 mrad ε ∼ 1%
• e− detector - Silicon µ-strip
• γ detector - calorimeter

Stat: 1.0% 30 min, 4.5 GeV, 40 µA

Syst: 1.2% at 4.5 GeV

Upgraded - 1% at 1.0 GeV
• Laser: 532 nm, ∼1 W
• Cavity ×2000⇒ >2 kW
• GSO crystal ECAL

Prospects for 11 GeV
source e− γ

Laser polarization 0.20%
Analyzing power 0.20% 0.40%
Dead time 0.20% 0.00%
Pileup 0.00% 0.10%
Background 0.05% 0.05%
Others 0.03% 0.03%
Total 0.35% 0.46%
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Compton Polarimeters - What is Measured?
Photon Detector

• Counting rate (ω), sensitive to
– thresholds
– calibration

19 

Photon Detector Analysis 

Baylac et al. Phys.Lett. B539 (2002) 8-12 

Initial extractions of beam 

polarization from Hall A Compton 

photon detector were made in 

“counting mode”, or by fitting the 

asymmetry spectrum 

 

 Extremely sensitive to detailed 

understanding of detector 

response, resolution 

 Knowledge of threshold a key 

issue 
Eγ , MeV

R
at

e/
a.

u.

Baylac et al, Phys.Lett. B539 (2002)

• Integrating mode, sensitive to
– linearity
– background
+ no dead time
+ high rates OK
+ no threshold issues

Electron Detector
• Counting rate (Ee), sensitive to

– alignment
– detector efficiency
+ calibration using:

Compton edge, 0-crossing

26 

Compton Electron Detector 

An “integrating” technique (similar to photon detector) can be employed by fitting 

asymmetry zero-crossing 

 Worked well for HAPPEX experiments yielding 1% level results 

 Extremely sensitive to strip/detector efficiency 

 

Q-Weak has employed a 2 parameter fit (polarization and Compton edge) to the 

differential spectrum 

 This has yielded good results  strip width (resolution) is important 

 Zero-crossing must be in acceptance to constrain the fit well 

strip #

A
sy

m
m

et
ry

Hall C QWeak (from D.Gaskell)

• Integrating mode, sensitive to
– linearity
– background
+ no dead time
+ high rates OK
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Compton Polarimeter in Hall C for experiment QWeak

57
cm

e−: Diamond
µ-strips

18 

Compton Electron Detector 
Diamond microstrips used to detect scattered electrons 

 Radiation hard 

 Four 21mm x 21mm planes each with 96 horizontal 200 μm wide micro-strips. 

 Rough-tracking based/coincidence trigger suppresses backgrounds  

• Beam: 1.16 GeV, < 180 µA
• Laser: 532 nm, 10 W
• Fabry-Pérot cavity ×100⇒ 1 kW
• Crossing at 23.5 mrad
• γ detector PbWO4 (integration).
• New! e− detector - Diamond µ-strip
∼10 MRad - no noticeable damage

• New! New method to measure the
light polarization in the cavity:
σP/P ∼ 0.1%

• Laser cycle: 60 s ON, 30 s OFF
BG measurement: ∼25% at ωmax/2

• Electron data analysis:
– 17 mm separation at ωmax
– Diamond: 3 planes operational
– Diamond efficiency ∼70%/plane
– “Tracks” reconstructed in FPGA

dead time: can be improved
Largest Uncertainties

source Current, % Outlook, %
Laser polarization 0.18 0.10
DAQ 0.42 0.15
Trigger 0.19 0.10
Beam vert. angle 0.20 0.10
Others
Total 0.59 0.38
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Compton at 500 MeV?

• 532 nm: ωmax = 9 MeV, AZZ =1.8%
• FOM(500 MeV)≈FOM(1.GeV)/4.
• Electron detection to 0.5ωmax : a large chicane: ∆h = 100 cm⇒

0.9 cm from the beam (similar to QWeak)
• High current Ie ∼ 1− 10 mA ×5-50 more than QWeak

Can one reduce the light intensity?
Can not afford to increase the background ∼ Ie
The origin of the background is not clear: Bremsstahlung on
gas, halo interaction in the mirrors of the cavity
Consider no-cavity: 10 W laser
compensate no cavity gain by 0◦ crossing (×100)
Much easier!
10 MHz rate⇒Integrating mode. Ability to count?
Radiation hardness ∼ 500 MRad

0.5% seems possible with existing technology
0.3% would probably need a breakthrough
E.Chudakov IEB 2015, Cornell Electron Polarimetry Overview 11 / 35



Møller Spectrometers

• Select Møller scattering θCM ∼ 90◦

• Suppress Mott & photons: narrow slits
• Q Bates,Mainz / D SLAC
• QQ JLab C / QQQD JLab A
• Typical acceptance
θCM ∼ 80− 110◦,∆φ ∼ ± 10◦

• Small acceptance⇒ large Levchuk effect
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Fig. 2. Layout of experimental apparatus on the Bates beam line B. The Moller target (A) is surrounded by Helmholtz coils which

generate a polarizing field in the longitudinal direction . The collimator (B) has a central aperture of 6 .4 cm and scattering

apertures listed in table 1 . Additional collimation (C) was installed to reduce low energy background . The detectors (D) are

approximately 55 cm from the beam line, at an angle of 12 ° . The main experimental pivot of the B-line is approximately 10 m
downstream of the Moller target .

pole tip field of 14 kG. Both scattered electrons are
deflected away from the beam, at an angle of about
12' at the exit of the quadrupole . A central aperture
in the collimator of 6.4 cm allows the primary beam to

pass directly through the center of the quadrupole to
reduce low energy background. By selecting a CM
scattering angle of 90 ° , both electrons have the same
final energy and can be detected in coincidence with a
pair of aerogel Cherenkov counters at identical angles
on either side of the beam line . At very low beam
currents, the signals can be analyzed on an event-by-
event basis. The position of one detector can be ad-
justed with a remotely controlled translator to optimize
the overlap o ¬ acceptance of the two detectors. For the
high instantaneous beam current used in the results
presented here, the signals from the detectors were
recorded by integrating the photomultiplier tube cur-
rent over the width of the incident beam pulse .

Different incident beam energies can be studied by
varying the distance between the target and the colli-
mator, which changes the nominal laboratory scatter-
ing angle. Three sets of apertures in the collimator
allow selection of the aperture diameter (see table 1).
The hole diameters in table 1 were chosen to be 1 .5
times the multiple scattering angle from a 25 p.m foil at
nominal energies of 250, 550, and 880 MeV. At present
the change in target-collimator length is accomplished
by breaking vacuum and changing the length of the
beam pipe at that location . A provision has been made
in the design of the apparatus to install a bellows

Table 1
Collimator geometry for three sets of apertures

Aperture diameter

	

Angle

	

Angular
(in .]

	

acceptance

!. Arrington et al. / A Mollerpolarimeter

system upstream and downstream of the target to
permit operatio" in the energy range of 150 MeV to 1
GeV without disturbing the beam line vacuum.

3.3. Polarized target

There were two Supermendur targets in the target
ladder, of thickness 13 pm and 25 pm. The thicknesses
were chosen to limit the instantaneous counting rates
in the detectors . Since magnetization can only be gen-
erated in the plane of the foil, and longitudinal target
polarization was desired, the targets were inclined at
30 ° to the beam . In addition to the Supermendur foils,
BcO and Al targets were used for alignment of the
beam and other diagnostics . An empty frame was also
available to allow the beam to pass through to the
main experimental area farther downstream .

The average absolute thickness t of each foil was
determined from the mass, density and area. Relative
variations in thickness over the surface of the Super-
mendur foils were measured using X-ray transmission .
Photons, collimated to 1 mm diameter, from the 23
keV line of a 1 p.Ci t°vCd source were incident on a
foil at 30", simulating the geometry of the electron
beam . Measurements were made in a 5 x 7 grid over a
1 x 2.5 . cm rectangle around the target center . The
transmitted photons were detected with a Nal scintilla-
tor and phototube . These measurements set upper
limits of Atlt < 0.024 and Atlt < 0.048 for the 25 gm
and 13 u.rn foils, respectively . Thickness variations cou-
pled with helicity correlate: shifts in the electron beam
can generate a systematic error in the measured asym-
metry . The resulting error in the absolute beam polar-
ization is 0.003 per p.m of helicity-correlated beam
motion for the 13 p.m foil, and half that for the thicker
foil .

A 0,375+0.05 3.66 ° 0.60 In some cases, nonzero helicity-correlated shifts in
B 0.250 -t 0 .05 2.42'

'
() .26 G

the beam position were measured . The helicity of theC 0.202 +- 0 .05 1 .96 0.17'
beam bursts was generated in pairs, such that the first

Bates
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Ferromagnetic targets for Møller Polarimetry
Polarized electron targets: magnetized ferromagnetic foils

Iron: polarized d-shell (6 positions occupied out of 10)

Pe not calculable: derived from measured magnetization

Spin-orbital corrections (∼ 5%) - measured in bulk material

Magnetizing field is along the beam

Levchuk effect: scattering on unpolarized inner shells:
• distorted kinematics⇒ smaller coincidence acceptance
• Change in the effective target polarization 1-10%
• Correction requires a good understanding of the acceptance

Field 20 mT, foil at ∼ 20◦

• Magnetization along the foil
• Magnetization can be measured
• A few % from saturation
• Sensitive to annealing, history
• Polarization accuracy ∼ 2− 3%

Field 3 T, foil at ∼ 90◦

• Magnetization perp. to the foil
• Magnetization - from world data
• Foil saturated
• Polarization is robust.
• Polarization accuracy ∼ 0.5%

Pioneered in 1990-s by a Basel group for Hall C, JLab
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Møller Polarimeter with Saturated Iron foil (Hall C)

JLab, Hall C, M. Hauger et al. NIM A 462, 382 (2001)

• External BZ ∼ 3− 4 T
• Target foils 1-10 µm, perp. to beam
• Pt not measured
• Levchuk: 3% correction

source σ(A)/A
optics, geometry 0.20%
target 0.28%
Levchuk effect 0.30%
total at 3 µA 0.46%
⇒ 100 µA ?

Important factors
• Small target angle⇒ higher

field for saturation
• Solenoidal field affects the

acceptance

Target cloned in Hall A
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High beam currents at saturated foils
Attempts to run at high currents 1-3µA→ 50µA

Hall C
• Half-moon shape foil
• Kicker magnet

1 µs

Kick (1-2 mm)

0.1 to 10 ms (100 Hz to 10 kHz)

1-20 µs

A 1µm thick half-foil: mech. problems:
• Foil unstable: holder design
• Thicker foil - high rate
• At 20µA - accidentals/real≈0.4

Hall A
• Beam duty cycle < 5%

• Beam bunches 500 MHz/n, n=16
• “Tune beam”: 4 ms pulses ∼60 Hz
• Instantaneous counting rate at

50µA will be ×3 higher
• More invasive than a kicker

scheme
Happened to be too invasive for the
accelerator running

May eventually work but so far it did not.
Needs beforehand planning on the machine side
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QWeak: Compton/Møller comparison (preliminary)

Provided by D.Gaskell (QWeak, JLab)

5

riod in the DAQ. The entire DAQ chain was simulated on247

a platform called Modelsim [20]. While in Monte Carlo248

simulations, events are generated based on the probabil-249

ity distribution for the relevant physics process, in con-250

trast Modelsim is a simulation technique based on time251

steps. It employs the same firmware, written in the hard-252

ware description language for very high speed integrated253

circuits (VHDL), that operated the field programmable254

gate array (FPGA) based logic modules [21] in the Comp-255

ton DAQ. A front end module, called “test-bench”, was256

used to control the DAQ firmware in the simulation.257

The test bench includes signal generators that mimic258

the electron, the background and the noise signals, along259

with a detailed accounting of delays due to the signal260

pathways and the electronic chain external to the FPGA.261

Fig. 6 shows the output spectra from a Modelsim simula-262

tion, for the triggered and the un-triggered modes, along263

with the input spectrum. Noise and detector inefficien-264

cies were not included in these simulations as they were265

shown to have minimal impact on the determination of266

the DAQ inefficiencies. The small difference between the267

input and the un-triggered counts is a result of the DAQ268

being disabled during helicity reversal. The difference269

between the triggered and the un-triggered counts is due270

to the DAQ inefficiency. The average DAQ inefficiency271

was found to be directly related to the aggregate detector272

rate.273

FIG. 7: The extracted beam polarization as a function of run-
number averaged over 30 hour long runs, during the second
run period of the Qweak experiment (blue, circle). Also shown
are the results from the intermittent measurements with the
Møller polarimeter [2, 3] (red, open square). The inner error
bars show the statistical uncertainty while the outer error bar
is the quadrature sum of the statistical and point-to-point
systematic uncertainties. The solid bands show the additional
normalization/scale type systematic uncertainty. The dashed
and solid (green) vertical lines indicate changes at the electron
source.

The DAQ simulation was used to determine the cor-274

rection to the detector yield for each 1 hr run, based on275

the aggregate detector rate during the run. The DAQ276

inefficiency correction resulted in < 1% change in the ex-277

tracted polarization. The validity of the corrections and278

the systematic uncertainty due to the corrections (listed279

in Table I) were determined by comparing the polariza-280

tion extracted from triggered vs un-triggered data over a281

wide range of beam currents (rates) and several different282

trigger conditions. Thus, the Modelsim simulation pro-283

vided a robust method to determine the inefficiency of284

the DAQ.285

TABLE I: Systematic Uncertainties

Source Uncertainty det.P/P%

Laser Polarization 0.18 0.18

Plane to Plane secondaries 0.00

magnetic field 0.0011 T 0.13

beam energy 1 MeV 0.08

detector z position 1 mm 0.03

inter plane trigger 1-3 plane 0.19

trigger clustering 1-8 strips 0.01

detector tilt(w.r.t x) 1 degree 0.03

detector tilt(w.r.t y) 1 degree 0.02

detector tilt(w.r.t z) 1 degree 0.04

detector efficiency 0.0 - 1.0 0.1

detector noise up to 20% of rate 0.1

fringe field 100% 0.05

radiative corrections 20% 0.05

DAQ inefficiency correction 40% 0.3

DAQ inefficiency pt.-to-pt. 0.3

Beam vert. pos. variation 0.5 mrad 0.2

helicity correl. beam pos. 5 nm < 0.05

helicity correl. beam angle 3 nrad < 0.05

spin precession in chicane 20 mrad < 0.03

Total 0.59

The extensive simulation studies provided a compre-286

hensive list of contributions to the systematic uncertain-287

ties, as tabulated in Table I, with a net systematic un-288

certainty of 0.59% for the Compton polarimeter. The ex-289

tracted beam polarization for the entire second running290

period is shown in Fig. 7. The results from the Compton291

polarimeter were also compared to the intermittent mea-292

surements made with the Møller polarimeter [2, 3] and293

two polarimeters were found to be consistent with each294

other.295

CONCLUSIONS296

We have measured the electron beam polarization of297

a 1.16 GeV beam using a set of diamond micro-strip de-298

tectors for the first time. The high resolution of the de-299

tectors and their proximity to the primary beam helped300

Preliminary systematics σP/P
• Compton: 0.6%
• Møller: 0.6%
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Møller Systematic Errors

Proposed: 100%-polarized atomic hydrogen target (∼ 3 · 1016 atoms/cm2).
Variable Hall C Hall A

Instrument QWeak Fe 4T H 100% pol
Rad. corrections - 0.10% 0.10%
Target polarization 0.25%∗ 0.27% 0.01%
Target angle 0.00% 0.20% 0.00%
Analyzing power 0.24% 0.30% 0.10%
Levchuk effect 0.30%∗ 0.30% 0.00%
Target temperature 0.05% 0.02% 0.00%
Dead time - 0.30% 0.10%
Background - 0.30% 0.10%
Optics 0.10% - -
Low/high beam current 0.20%? 0.00%
Sum 0.47% 0.72% 0.20%
Empirical fluctuations - 0.30% 0.30%?
Total 0.47% 0.60% 0.80% 0.36%

∗ Reduction is unlikely
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Possible Breakthrough in Accuracy

Møller polarimetry with 100% polarized atomic hydrogen gas, stored in a
ultra-cold magnetic trap.
E.Chudakov and V.Luppov IEEE Trans. on Nucl. Sc., 51, 1533 (2004)
http://www.jlab.org/~gen/hyd/loi_3.pdf

Advantages:
• 100% electron polarization
• very small error on polarization
• sufficient rates ∼ × 0.005 - no dead time
• false asymmetries reduced ∼ × 0.1

• Hydrogen gas target
• no Levchuk effect
• low single arm BG from rad. Mott (×0.1 of the BG from Fe)
• high beam currents allowed: continuous measurement

Operation:
• density: ∼ 6 · 1016 atoms/cm2

• Stat. error at 50 µA: 1% in ∼10 min
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Møller Systematic Errors, continuation

Proposed: 100%-polarized atomic hydrogen target (∼ 3 · 1016 atoms/cm2).
Variable Hall C Hall A

Instrument QWeak Fe 4T H 100% pol
Rad. corrections - 0.10% 0.10%
Target polarization 0.25%∗ 0.27% 0.01%
Target angle 0.00% 0.20% 0.00%
Analyzing power 0.24% 0.30% 0.10%
Levchuk effect 0.30%∗ 0.30% 0.00%
Target temperature 0.05% 0.02% 0.00%
Dead time - 0.30% 0.10%
Background - 0.30% 0.10%
Optics 0.10% - -
Low/high beam current 0.20%? 0.00%
Sum 0.47% 0.72% 0.20%
Empirical fluctuations - 0.30% 0.30%?
Total 0.47% 0.60% 0.80% 0.36%

∗ Reduction is unlikely
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Storage Cell
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30K

0.3K

H

Solenoid  8T

beam
Storage Cell

4 
cm

40 cm

First: 1980 (I.Silvera,J.Walraven)
~p jet (Michigan)
Never put in high power beam

• −~∇( ~µH
~B) force in the field gradient

• pulls |a〉, |b〉 into the strong field
• repels |c〉, |d〉 out of the field

• H+H→H2 recombination (+4.5 eV)
high rate at low T
• parallel electron spins: suppressed
• gas: 2-body kinematic suppression
• gas: 3-body density suppression
• surface: strong unless coated
∼50 nm of superfluid 4He

• Density 3 · 1015 − 3 · 1017 cm−3.
• Gas lifetime > 1 h.
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Proof of principle

Would it work for polarimetry?

What is the effective polarization of the gas in the beam area?
The most important factors found:

Cleaning time - time needed for atoms of the opposite polarization and
unpolarized molecules to leave the beam area and the cell

Spin flips caused by the RF field of the beam - depolarization in the
beam area

Ionization by the beam - contamination in the beam area

Residual He gas in the cell - contamination in the beam area
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Contamination and Depolarization of the Target Gas

Ideally, the trapped gas polarization is nearly 100% (∼ 10−5 contamination).
Good understanding of the gas properties (without beam).

Gas Properties
◦ Atom velocity ≈ 80 m/s
◦ Atomic collisions ≈ 1.4 105 s−1

◦ Mean free path λ ≈ 0.6 mm
◦ Wall collision time tR ≈ 2 ms
◦ Escape (10cm drift) tes ≈ 1.4 s

CEBAF Beam
◦ Bunch length σ=0.5 ps
◦ Repetition rate 497 MHz
◦ Beam spot diameter ∼0.2 mm

Contamination and Depolarization
No Beam

• Hydrogen molecules ∼ 10−5

• Upper states |c〉 and |d〉 < 10−5

• Excited states < 10−5

• Helium and residual gas <0.1%
- measurable with the beam

100 µA Beam
If certain tricks do work:

• Depolarization by beam RF < 2 · 10−4

• Ion, electron contamination < 10−5

• Excited states < 10−5

• Ionization heating < 10−10

Expected depolarization < 2 · 10−4
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Summary on Atomic Hydrogen for Møller Polarimetry

Potential for Polarimetry
Systematic accuracy of < 0.3%

Continuous measurements
Beam current limitations

RF depolarization ∝ Q2
bunch · Nrepet : at 1300 MHz Ibeam < 0.5 mA

Ionization ∝ Ibeam: Ibeam < 2 mA
Some other effects may matter

What has to be done to validate the idea?
R&D to verify the technical tricks invented (on paper) to reduce
the contamination effects
Build a prototype and test it in a beam
Optimize the spectrometer to have the background under control

Pursued by the U.Mainz group for MESA
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Møller at 500 MeV, 10 mA

• There is no issue with the analyzing power, event rate or
spectrometer optics. Fe targets may provide σP/P ∼0.5%
• Hydro-Møller is limited by Ibeam < 0.5 mA
• The accurate method requires a strong longitudinal field: ∼0.7 T·m

for high-field iron or, even ∼2 T·m for the hypothetical hydro-Møller
• Strong beam steering! It is bad enough at ∼1 GeV. At 500 MeV

the magnet for high-field iron, tilted by 1 mrad, will tilt the beam by
0.3 mrad
• It requires independent locking on the beam position in the

polarimeter area and the experiment area - difficult at the existing
machines (not planned in advance)
• The target system should be equipped with a remotely controlled

motion system, as a goniometer, perhaps with a coarser
resolution.
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Conclusion

Precision polarimetry at 500 MeV, 10 mA machines:
Low energy measurements (Mott etc..)
Compton: ∼0.5% likely possible using the existing techniques
Møller with iron targets ∼0.5%:
• Invasive
• Limited to Ibeam < 3 µA Running at high currents - not yet

solved. Reducing the repetition rate may work if planned
beforehand

hydro-Møller < 0.30% accuracy, very complex, needs R&D
limited to ∼ 0.5 mA
The machine and the experimental area should be designed to
provide the polarimetry needs
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Backup
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Hydrogen Atom in Magnetic Field

H1: ~µ ≈ ~µe;
H2: opposite electron spins

Consider H1 in B = 7 T at T = 300 mK
At thermodynamical equilibrium:
n+/n− = exp(−2µB/kT ) ≈ 10−14

Complication from hyperfine splitting:

Low energy
|b〉=| ↓−↓〉
|a〉=| ↓−↑〉· cos θ−| ↑−↓〉· sin θ

High energy
|d〉=| ↑−↑〉
|c〉=| ↑−↓〉· cos θ+| ↓−↑〉· sin θ

where tan 2θ ≈ 0.05/B(T ), at 7 T sin θ ≈ 0.0035
Mixture ∼53% of |a > and ∼47% of |b >:
Pe ∼ 1− δ, δ ∼ 10−5,
Pp ∼ − 0.06 (recombination⇒ ∼80%)
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Contamination and Depolarization of the Target Gas

100 µA CEBAF beam:

Beam RF influence
• |a〉→ |d〉 and |b〉→ |c〉 ∼200 GHz
• RF spectrum: flat at <300 GHz
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• ∼ 10−4 s−1 conversions (all atoms)
• ∼ 6% s−1 conversions (beam area)
• Diffusion: contamination
∼ 1.5 · 10−4 in the beam area

• Solenoid tune to avoid resonances

Gas Ionization
• 10−5 s−1 of all atoms
• 20% s−1 in the beam area
• Problems:
◦ No transverse diffusion
◦ Recombination suppressed
◦ Contamination ∼40% in beam

• Solution: electric field ∼1 V/cm
◦ Drift v = ~E × ~B/B2 ∼ 12 m/s
◦ Cleaning time ∼ 20 µs
◦ Contamination < 10−5

◦ Ions, electrons: same direction
◦ Beam Er (160µm) ≈ 0.2 V/cm

BE

V

beam

drift
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Dynamic Equilibrium and Proton Polarization

Proton polarization builds up, because of recombination of states with
opposite electron spins:
|a〉=| ↓−↑〉α+| ↑−↓〉β and
|b〉=| ↓−↓〉
As a result, |a〉 dies out and only |b〉=↓−↓ is left!
P → 0.8
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Gas Properties

• n = 2 · 1015 cm−3 - density
• T = 0.3 K - temperature
• Diffusion speed ⇒ cleaning

time
• Heat conductance
• Depend on the atomic cross-

section σ

Ref., condi- H polarized H unpolarized
date tions σ, cm2 d , cm σ, cm2 d , cm

10−16 10−8 10−16 10−8

Allison,71 T>1 K 87.0 5.26 68.0 4.65
Miller,77 T∼0 K 42.3 3.69 - -

Friend,80 T∼0 K 6.5 1.44 4.9 1.25
Lhuillier,83 T=2.5 K ∼30.0 3.10 - -

Using Miller,77:
• v =

√
8kT/πm = 80 m/s - atom speed

• dncol
dt = σ · 4n

√
kT
πm ≈ 1.4 · 105 s−1 - atomic collisions

• ` = (σn
√

2)−1 ≈ 0.57 mm - mean free path
• τes ≈ 1.4 s - mean drift time to |Z | = 10 cm
• τR ≈ 2 ms - mean drift time R=0→ R=2 cm
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CEBAF Beam Parameters

General
• τ = 0.5 ps - bunch time width (RMS) in LAB frame
• σBx/y = 100 µm - bunch transverse width (RMS)
• F = 497 MHz - bunch repetition rate
• γ ≥ ∼ 104 - beam γ-factor
• Ib = 100 µA - average beam current
• r◦ - cell radius

Electromagnetic Field of the Bunch
In CM of the bunch: σZ > 15 cm� Rpipe ⇒ EB ∝ r−1. Boost to Lab.
• The field is located in a thin disk around the bunch
• ~B(z, r , t) - azimuthal

• B(0, r , t) = Ib
F·τ · e

−0.5(t/τ)2 · (1− e−0.5(r/σBx )2
) 1

r ·
µ◦

(2π)3/2

RF
B(t) =

∑∞
n=−∞ B̂n · eiω◦nt , where ω◦ = 2πF .

B̂n(r) = µ◦Ib
2πr◦
· exp(−ω

2
◦k2τ2

2 ) ·G(r)
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Depolarization by the Beam RF field
|a〉→ |d〉 and |b〉→ |c〉 transitions ∼200 GHz.
Br : harmonic perturbation µe · B · eiωt⇒ dVa→d

dt = 2π
~2 |µe · B|2 δ(ω − ωad )

Non uniform magnetic field:
dP

dωad
- spectral density of atoms for ω(a→ d)
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π ·
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~r◦

)2
· (1.205 + ln r◦

5σBr
)
∑∞

k=−∞
dP

dωad

∣∣∣
ω◦k
· exp(−ω2

◦k2τ2) · τdk

• ∼ 10−4 s−1 conversions (all atoms)
• ∼ 6% s−1 conversions (beam area)
• Diffusion: contamination
∼ 1.5 · 10−4 in the beam area

• Solenoid tune to avoid resonances - tune to a resonance to study the
effect
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Ionization by the beam

100 µA CEBAF beam:
Gas Ionization

• 10−5 s−1 of all atoms
• 20% s−1 in the beam area
• Problems:
◦ No transverse diffusion
◦ Recombination suppressed
◦ Contamination ∼40% in beam

• Solution: electric field ∼1 V/cm
◦ Drift v = ~E × ~B/B2 ∼ 12 m/s
◦ Cleaning time ∼ 20 µs
◦ Contamination < 10−5

◦ Ions, electrons: same direction
◦ Beam Er (160µm) ≈ 0.2 V/cm

BE

V

beam

drift

Technical issue: how to build electrodes in the copper storage cell?
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Residual Helium Gas in the Storage Cell

∼0.1% - from Michigan measurements

Strategy:

Measure with a probe (technique used at Michigan)
Measure with the beam changing the hydrogen concentration
Reconstruct the trajectories of the Møller electrons using special
detectors (Si strips) and the position of the vertex (inside the
solenoid and at the edges). May be difficult for very low and very
high beam energies.
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Mott Polarimetry

0.1-10 MeV: e− ↑ + Au → e− + Au analyzing power (Sherman func.) ∼ 1-3%

• Nucleus thickness: phase shifts of
scat. amplitudes

• Spin rotation functions
• Electron screening, rad. corr.
• Multiple and plural scattering
• No energy loss should be allowed
• Single arm - background

• Extrapolation to zero target thickness
• e − ↑ < 5 µA - extrapolation needed

JLab: σ(P)/P = 1%(Sherman)⊕ 0.5%(other) (unpublished) ⊕σ(extrapol)
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