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C.Y. Prescott, et al.

! Beam helicity sequence is chosen pseudo-randomly 
• Helicity state, followed by its complement 
• Data analyzed as “pulse-pairs”

The E122 Experiment at the Stanford Linear Accelerator Center
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C.Y. Prescott, et al.

• Beam Monitors to measure 
helicity-correlated changes in 
beam parameters

• High-power cryotarget 
30 cm long for high 
luminosity

The E122 Experiment at the Stanford Linear Accelerator Center
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• Polarimetry

The E122 Experiment at the Stanford Linear Accelerator Center



Krishna S. Kumar NSKIN2016: The PREX-I Result

Anatomy of a Parity Experiment

8

C.Y. Prescott, et al.

• Magnetic spectrometer 
directs flux to background-
free region

• Flux Integration 
measures high rate 
without deadtime

The E122 Experiment at the Stanford Linear Accelerator Center
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photocathodes, polarimetry, high power cryotargets, nanometer beam stability, 
precision beam diagnostics, low noise electronics, radiation hard detectors

•Beyond Standard Model Searches
•Strange quark form factors
•Neutron skin of a heavy nucleus
•QCD structure of the nucleon

SLAC
MIT-Bates

Mainz
Jefferson Lab

• sub-part per billion statistical 
reach and systematic control 
• sub-1% normalization control

Parity-violating electron scattering has become a precision tool 

Mainz & MIT-Bates in the mid-80s
JLab program launched in the mid-90s 

Continuous interplay between probing hadron structure and electroweak physics

E158 at SLAC measured PV Møller scattering

State-of-the-art:
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Radiative Corrections
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• Coulomb distortions are coherent, order Zα.  Important for PREX (Z=82) 

• Sum elastic intermediate states to all orders in Zα by solving Dirac equation for 
electron moving in coulomb (V) + weak potential (A) of nucleus. 

• Coulomb distortions reduce Apv by ~30%, but accurately calculated  (uncertainty 
estimated to be sub-1% of correction)

• Dispersion corrections are of order α (not Zα). 

• Note: Both Coulomb distortion and dispersion corrections can be 
important for Transverse Beam Asymmetry An for 208Pb 

γ,Z0 γ,Z0 γ,Z0γ γ
Elastic Inelastic

+ +

Born Coulomb distortions Dispersion corr.

C.Horowitz
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Polarized Beam at JLab

• Ultrahigh vacuum 
• No field emission 
• Maintenance-free

Electron Gun RequirementsRecord Performance (2012):  
180 µA at 89% polarization

Araw ~ 500 ppb

Acorr = Adet - AQ + α ΔE+ Σβi Δxi

PREX-I ran from March to May 2010
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Polarized Beam at JLab

• Ultrahigh vacuum 
• No field emission 
• Maintenance-free

Electron Gun RequirementsRecord Performance (2012):  
180 µA at 89% polarization

Araw ~ 500 ppb

Acorr = Adet - AQ + α ΔE+ Σβi Δxi

raw average: ~ 20 nm

 Sign  flips   using   ½ wave plate   &   Wien  filter    
                              ++    -+    +-   --

corrections: 
< 5 nm or 100 ppb

m
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ro
ns
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Target and Spectrometers
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Lead-Diamond Sandwich Target Septum 
magnets

Q1

Q1

Collimators

Inelastic
detector

Q   Q

Dipole

Quad

target

hardware resolution:  
∆p/p ~ 10-3 
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Integrating Detectors
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pure, thin 208Pb target
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Background negligible thanks to Hall A HRS spectrometer pair

•1 GHz rate: extreme 
radiation hardness
•1 GeV: calorimeter 
sandwich RMS ~ 50%
•Thin fused silica: 
optimize RMS
•thick: higher photo-
electron yield
•thin: smaller RMS 
degradation
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Raw Asymmetry Data

18

171 ppm width 
@ 30 Hz

integrated rate ~ 1 GHz

120 Hz flipping

Statistical behavior of 
data consistent with 

fluctuations in 
integrated detector 

response being 
dominated by electron 

counting statistics

Grand averages 
of all 4 

combinations 
of slow reversal 

flips are 
statistically 
consistent

606 ± 113 
496 ± 107 
566 ± 095 
685 ± 092

594 ± 50
parts per billion (ppb)

systematic error 
due to beam 

fluctuations: 7 ppb

Physics Data: April/May 2010

parts per million # std. deviations
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Normalization Errors
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  Systematic Error Absolute   
(ppm)

Relative  
( %)

Polarization 0.0083 1.3
Detector  Linearity 0.0076 1.2
Beam current 
normalization

0.0015 0.2

Rescattering 0.0001 0
Transverse  
Polarization 

0.0012 0.2 

Q2 0.0028 0.4 
Target Backing 0.0026 0.4
Inelastic  States 0 0
TOTAL 0.0140 2.1

Goal for total systematic error ~ 2% achieved!

Two independent methods, 
polarized Møller and 
Compton Scattering

Both methods achieved ~ 
1.5%: expected to reach 

sub-1% for PREX-II/CREX
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Q2 = 4E " E sin2 θ
2

4-momentum transfer

E: spin precession in machine 
E’: NMR in HRS B field 
scattering angle: survey ~ 1 mr

Q2 distribution obtained by low rate 
runs; trigger on quartz pulse-height

calibration

Absolute angle 
calibration via nuclear 

recoil variation

Water cell target

Recoil is large for 
H, small for nuclei

0.4% absolute calibration achieved: 
0.4% on Q2

Two independent methods, 
polarized Møller and 
Compton Scattering

Both methods achieved ~ 
1.5%: expected to reach 

sub-1% for PREX-II/CREX



Krishna S. Kumar NSKIN2016: The PREX-I Result

Final Result

20

Rn

Mean Field 
and Other 

Models
Atomic 
Parity 

Violation

Assume surface thickness 
good to 25% (MFT)

Neutron density at one Q2

Small corrections for
               MEC

Neutron 
Stars

Weak density at one Q2

Correct for Coulomb 
Distortions

Measured APV

FW (q̄) = 0.204± 0.028(exp)

±0.001(model) fm

q̄ = 0.475 fm�1

PRL 108 (2012) 112502 PRC 85 (2012) 032501

RW �Rch =

0.32± 0.12 (expt)

±0.03 (model) fm
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The Neutron Skin

21

First electroweak indication of a neutron skin of a heavy nucleus (CL ~ 90-95%)

Rn �Rp = 0.33+0.16
�0.18 fm
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Conclusions & Outlook

22

PREX-I produced the first electroweak measurement of 
the neutron RMS radius in a heavy nucleus 
Many new technical challenges overcome 

High luminosity Pb target
Precision 1 GeV polarimetry
Spectrometer optics optimization to produce compact elastic footprint
“Parity quality” beam
Pb transverse asymmetry measured and introduces negligible uncertainty
Novel integrating detectors can count at GHz rates

Followup run approved by JLab PAC in Summer 2011 
First readiness review on June 1, likely to be scheduled in early 2018

Potential for precise Rn measurements demonstrated 
PREX-II: allocated the beam time and demonstrated ability to achieve ±0.06 fm
CREX approved: 48Ca Rn goal: ±0.02 fm
Potential to measure 208Pb to ±0.03 fm at Mainz
Motivation for a series of AT measurements
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High-Gain Optical Cavity 
532 nm (green) or 1064 nm (IR)

Photon calorimeter

Microstrip 
electron 
detector

Beam Polarimetry

23

Two independent methods, both of which 
received recent upgrades

• Compton Polarimeter
• green laser (increased sensitivity at 
low E)  
• integrating  method (analyzing power)
• new photon & electron detectors

• Møller Polarimeter
• electronics and DAQ
• High field magnet for foil saturation: 
improved calibration of foil polarization

Both methods expected to reach sub-1% for future 
measurements: ultimate goal is sub-0.5%



Krishna S. Kumar NSKIN2016: The PREX-I Result

High Luminosity Target

24

Targets  with  thin  diamond 
backing  (4.5%) degraded fastest 

Thick diamond (8%) ran well  and 
did not melt at 70 uA.

PREX-II plans on having 6-10 targets  

Normalized Rate vs. Time

   Thick
   
Medium

Pb

C

208

12 beam

•Pb-Diamond sandwich
•Diamond backing provides conductive cooling
•Active cryo-cooling with available He lines
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Integrating Detectors
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Detector   integrates  the  elastic  peak: Backgrounds  from  inelastics  suppressed

4- Momentum   (GeV/c)
C 1st excited state

Pb excited states
3-5- PbC

Ground States

•1 GHz rate: extreme radiation hardness
•1 GeV: calorimeter sandwich RMS ~ 50%
•Thin fused silica: optimize RMS

•thick: higher photo-electron yield
•thin: smaller RMS degradation

HRS Focal Plane
~ 25 photo-
electrons
RMS ~ 30%

single electron pulse height 
spectrum
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Beam Stability Performance
Araw ~ 500 ppb Acorr = Adet - AQ + α ΔE+ Σβi Δxi

PREX-I ran from March to May 2011
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birefringent 
elements

•Active feedback of charge asymmetry
•Careful laser alignment
•Precision beam position monitoring
•Active calibration of detector slopes

Beam Stability Performance
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Beam Stability Performance
Araw ~ 500 ppb Acorr = Adet - AQ + α ΔE+ Σβi Δxi

raw average: ~ 20 nm

 Sign  flips   using   ½ wave plate   &   Wien  filter    
                              ++    -+    +-   --

corrections: 
< 5 nm or 100 ppb
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Beam Stability Performance
2 methods of “slow” reversal

Araw ~ 500 ppb Acorr = Adet - AQ + α ΔE+ Σβi Δxi

Electron  
Beam

raw average: ~ 20 nm

 Sign  flips   using   ½ wave plate   &   Wien  filter    
                              ++    -+    +-   --

corrections: 
< 5 nm or 100 ppb

m
ic

ro
ns
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New Beamline Design

27

•Redesign beamline seals to eliminate o-ring 
•Neck down tungsten collimator to confine 
neutrons to one location and add water cooling 
•Neutrons moderated by new shielding 
•Small adjustment to septum current will realize 
an additional ~25% gain in statistical reach
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PREXII Projection

28

PREx II improvements
• Metal o-rings
• Radiation hard 

electronics
• Reduce neutron 

Recent Rn predictions:
Hebeler et al.  Chiral EFT calculation of neutron 
matter. Correlation of pressure with neutron 
skin by Brown. Three-neutron forces!

Steiner et al.  X-Ray n-star mass and radii 
observation + Brown correlation. (Ozel et al 
finds softer EOS, would suggest smaller Rn).

Tamii et al.   Measurement of electric dipole 
polarizability of 208Pb + model correlation with 
neutron skin.

Tsang et al.  Isospin diffusion in heavy ion 
collisions, with Brown correlation and quantum 
molecular dynamics transport model. 

δ(APV)/APV ~ 3%
δ(Rn)/Rn ~ 1%

PREX-II

Spri
ng

 20
18

Full precision in 25 additional PAC days
Presented to JLab PAC in June 2011: Approved with strong endorsement

Hebeler
Steiner
Tamii
Tsang

JLab has broad program: must continuously reiterate importance of PREX-II!

δ(Rn) ~ ± 0.06 fm
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PRL 109 (2012) 032502
test coupled 

cluster models

Prediction 
of weak 
charge f.f. 

CREX at JLab

29

δ(Rn) ~ ± 0.02 fm

G. Hagen et al

Approved by JLab PAC in Summer 2013

Could run in 
2017 depending 

on schedule 
and funding

separate elastic 
events cleanly
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PREX/CREX Summary
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Possible MESA Experiment?
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P2 at MESA

32

MESA

•R&D in progress 
•Aim to run from 2017-20

Technically challenging:
great synergy with JLab 

program 

Improve JLab Qweak by a factor of 2.5: 
δ(sin2θW) = ± 0.00030 (stat.) ± 0.00017 (syst.)

P2 at Mainz, Germany

Solenoid spectrometer 
with 1 m bore

0.5% Polarimetry Goal

F. Maas et al

Explore a PREX-style 
measurement using 

same solenoidal magnet 
to be used for P2
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MREX?

33

C. Sfienti
M. Thiel

K.K.

solenoidal 
spectrometer will 
separate inelastics 

over the full range of 
the azimuth

Proof of principle
“Back of the envelope”

200 MeV: FOM peaks around 25 
degrees

S. Ban and 
C. Horowitz In elastic scattering, the only parameter is Q2

Why might one do better than PREX-II? Very 
simple: HRS picks up about 25% of the azimuth

Not surprising: same Q2 as PREX

δ(Rn) ~ ± 0.03 fm

0.5% Rn in 1500 hours 
of running; same 

luminosity as PREX

Pb-208 at MESA
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Any Issues for the Workshop?

What does the Pb-208 AT result imply? 
dispersion corrections on top of Coulomb distortions?
What if it is a very sensitive cancellation?

What happens when we run again at slightly different kinematics?  
What if Ca-48 doesn’t have this accidental cancellation? 

should other electroweak corrections be revisited? 
34
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