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http://prl.aps.org/abstract/PRL/v108/i11/e112502


2 

Abstract 



3 

Motivation 

Experiment/
Technical 
Details/ 
Analysis 

Results 



4 

Motivation 



Neutron density 

Proton density 

Neutron rms radius 

Proton rms radius 

Density distribution of protons 
and neutrons in a nucleus 

Proton/Neutron Density Distribution, Neutron Skin 
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Nuclear charge density (distribution) 

Studied by electron (elastic) scattering [1] 

Neutron density (distribution) 

Studied by hadron scattering 

pion scattering [2] 
proton scattering [3-5] 
anti-proton absorption (X-ray observation) [6,7] 

requires model-dependent description of strong interaction. 
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[1] B. Frois et al, PRL38, 152(1977) 

charge radius: 5.50 fm 
point proton radius: 5.45 fm 
  (by using formula in [41]) 

Charge Density (Electron Scattering) 
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[4] V.E. Starodubsky et al., PRC18, 2641(1994) 

Neutron Density (Proton Scattering) 

J. Zenihiro et al., PRC82, 044611 (2010) 

Rch=5.503(2), Rp=5.458, Rn=5.655(42) fm 

Rn-Rp=0.197(42) fm 

Rn-Rp=0.211 fm 

Not Referred 
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[6] A. Trzcinska et al., PRL87, 082501(2001) 

Neutron Density (anti-protonic atom X-ray) 

B. Kłos et al., PRC76, 014311(2009) 

Rn-Rp= 

Widths and shifts of the levels due to the strong interaction 
→ antiproton-nucleus optical potential 
assumes two-parameter Fermi distribution 

Not Referred 
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Nuclear charge density (distribution) 

Studied by electron (elastic) scattering [1] 

Neutron density (distribution) 

Studied by hadron scattering 

pion scattering [2] 
proton scattering [3-5] 
anti-proton absorption (X-ray observation) [6,7] 

requires model-dependent description of strong interaction. 

Parity violating (PV) electron scattering by weak interaction: 

“model-independent probe” 
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Parity Violating (PV) Cross Section Asymmetry 
in Electron Scattering [8] 

in PWBA 

R L 

e e 

ϑ ϑ 

R (L): Right (Left) helicity  

longitudinal polarization 

GF: Fermi coupling constant 
α: fine structure constant 
Q: four-momentum transfer (ω,q) 
FW: weak form factor 
Fch: charge form factor 

interference between 

EM and weak 

interactions 

helicity 
Coulomb distortion effect is included in the real 

analysis [9], also other effects [10]. 

Fourier transform 

of the weak charge 

density 

 0Z

e e
+ 

2 
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APV    from  
interference 

208

Pb 

208

Pb 
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Weak Charge 

Weak charge distribution is primarily 

determined by the neutron distribution 

J-F. Rajotte, arxiv:1110.2218v1 

ϑw: Weinberg Angle or Weak Mixing Angle 

sin2 ϑw=0.23116(12) c.f. PDG 2012 

~ 0.08 0.0721 

-0.9878 

with radiative 
correction 

in the standard model 

BUT weak interaction is VERY weak... 

APV ~ 656 ppb = 0.000000656 



Standard Model 

Backup Slides 



Electro-weak Interaction 

charged fields 

neutral fields (mass eigenstates) 

Electro-Magnetic Field 

Electro-weak neutral current interaction 

Backup Slides 



Electro-magnetic interaction 

Electro-weak neutral current interaction 

Vector coupling 

Vector coupling 

V-A coupling 

produces parity-violation 

=L-helicity projection 

operator 

Backup Slides 



16 

Neutron Skin Thickness of 208Pb 

Predicted in the range of  0.0-0.4 fm by various mean-field 
models. [11-15] 

Doubly magic nucleus 

Neutron skin thickness: 

sensitive to nuclear dynamics, fundamental nuclear-structure information 
atomic physics 
astrophysics 

Rn-Rp (208Pb) Pressure of neutron matter at ρ~0.1 fm-3 

strong correlation 

page-2 

Density dep. of the symmetry energy 

neutron matter EOS 

Neutron star radius (rNS)
 

dS/dρ  (∝L) 
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Neutron Star, Neutron Matter EOS 

Neutron Star Mass and Radius (rNS)
 

~10 km  x-ray burst observation (Ozel [18]) 

~12 km neutron star model and nuclear EOS (Steiner [19]) 

softer EOS at high ρ  ... exotic phase of QCD (strangeness) 

stiffer EOS (does not support the exotic phase) 
 

Chiral perturbation theory from few-body calc. inc. 3NF  
(Hebeler [20], Carlson [21]) 

Rn-Rp = 0.17±0.03 fm for 208Pb 

page-3 

Observation of a two-solar mass neutron star,  
P.B. Demorest et al., Nature 467, 1081(2010) 

Not Referred 

most of EOS inc. the exotic phase fail to reproduce the existence. 

Rn-Rp = 0.15±0.02 fm for 208Pb 
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[18] F. Ozel et al., PRD82,101301(2010) 

AP4: AV18+UIX-3NF+rel.boost 
 
MPA1: Dirac Brueckner Hartree Fock 
 
MS1: Relativistic Mean Field 
 
GS1: RMT plus kaons 
 
SQM1: u,d,s quark matter 
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[19] A.W. Steiner et al., Astro J. 722_33(2010) 

A.W. Steiner et al., arXiv:1205.6871v1 

“Ozel et al. [6] considered only PRE sources,  
but these may be subject to considerable systematic 
errors [7, 9, 10].” PRE: photospheric radius expansion 
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Observation of a Two Solar-Mass Neutron Star 
Excludes EOS Models with Strangeness 

P.B. Demorest et al., Nature 467, 1081(2010) 

Blue: nucleons 
Pink: nucleons and exotic matter 
Green: strange quark matter 

Observation of Shapiro-delay of pulser signals 
of a neutron star - white dwarf binary. 
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Symmetry Energy, ρ -dependence 

Heavy Ion Collision (HIC) [22], isospin diffusion [23] 

requires nuclear EOS and symmetry energy. 
or constrains the EOS 

Neutron star structure: 
  proton fraction is determined by the symmetry energy 
  ⇔chemical potential difference between a proton and a neutron 
 
  solid neutron crust ←→liquid interior transition 
    ⇒ Strongly correlated with Rn-Rp 

page-3 

Fig  from   D.  Page. in J.M. Lattimer and  

M. Prakash, Science 304 (2004) 536. 

Neutron star cooling: 
large Rn-Rp 
   ⇒rapid cooling of massive n-star by direct Urca process 
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Direct Urca Process 

Modified Urca Process 

Neutron Star Cooling by Neutrino Emission 

takes place only if proton 
fraction Yp is large 

Lattimer and Prakash, Science 304, 536 (2004). 

Urca was named after a casino in 
Rio de Janeiro where gamblers 
continuously lost money. 
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Dipole Polarizability (αD) 

Dipole Polarizability is strongly correlated with Rn-Rp [26] 
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0.156+0.025-0.021 fm 

J. Piekarewicz et al., PRC85, 041302(2012) 

Rn-Rp = 0.168±0.022 fm for 208Pb 

AT et al. PRL107,062502(2011) [27] 

Determination of αD by an 

Electro-Magnetic Probe 
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including model uncertainty. 
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Experiment: 
Parity Violating Electron Scattering 

from 208Pb at J-Lab. 

page-3 



Thomas Jefferson National Accelerator Facility (Jefferson-Lab) 



R. Michaels,  Jlab 

Seminar @ TAMU 

 Mar 6, 2012 

Hall   A   at   Jefferson  Lab 

Hall  A  B  C 

Hall  A 
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K.A. Aniol et al., PRC69, 065501 (2004) 

Thomas Jefferson National Accelerator Facility (Jefferson-Lab) 
Hall-A 

50-70 μA, longitudinal pol., 1.06 GeV 
normal spot size 50μm 
4×4 mm2 beam rastering 

in PREX, PRL108,112502(2012) 

electron beam: 

HAPPEX: Hall A Precision Parity EXperiment 
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Pol. Electron Sources (Laser System) 

Gain-switched diode laser (499 MHz),  

relative phase: 120 deg 

Linear → Circular Pol. 

L&R switch 

Change Linear Pol 

Axis by 90 deg. 

linear polarizer and a 

rotatable l/2 plate 

K.A. Aniol et al., PRC69, 065501 (2004) 

70 mW 

±λ/4 retardation 

± 2.5 keV 

spin change #1 spin change #2 



Helicity Window 
helicity control electronics (with Pockels cell) 

helicity window 

helicity window pair 
(window quadruplet in PRL2012) 

R 

L 

Helicity window pair (window 

quadruplet in PRL2012) R or L is 

chosen by a pseudo-random 

generator. 

According to PRL2012, HV 

window is 8.33 msec (120Hz), 

thus window quadruplet 33.3 

msec (30Hz), i.e. four times 

faster than the left figure. 

Synchronized with the 60 Hz line 

frequency. 

Signal transmission by fiber-optic 

cable: suppression of the ground 

noise and cross talk. 

2×107 window quadruplets were 
recorded in PREX. 
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 J. Grames 

Pol. Electron Source (strained GaAs) 
Photo-cathode, optical pumping 

GaAs and GaAsP have a lattice mismatch. 

Pablo J. Sáez,  
SLAC-R-501, UC-414 

E: energy 
k: wave vector perpendicular 
to the electric field 

(PREX ex.) 
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spin change #3 

Wien-Filter with Solenoids 



 
• Two  Wien  Spin  Manipulators  in series 
• Solenoid  rotates spin +/-90 degrees (spin rotation as B but focus as B2).   

Flips  spin  without  moving the beam  ! 

Double Wien Filter 
Crossed  E  &  B  fields  to  rotate  the spin 

Electron  
Beam 

SPIN 

Rotate the pol. axis 
into the vertical plane 

To the vertical axis 

To ±side-ways 

To the optimized angle 
in the horizontal plane 

Beam profile is the 
same between the 
±rotation. 



33 [34] J. Alcorn et al., NIMA522, 294(2004) 
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W. Barry., NIMA301_407(1991) 

Thin-Wire Beam Position Monitor (BPM) 

[34] J. Alcorn et al., NIMA522,294(2004) 

5 BPMs are placed in the beam line 
recorded in every 1Hz 

ΔX~1μm 
1-10 μm fluctuation in σ(ΔX) 
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Beam Current Monitor (BCM) 

Two RF cavity monitors (non-destructive) 

stainless steel, cylindrical, high-Q (3000) wave guide (1.497 GHz) 
 
high-precision 16bit ADC, non-linearity < 0.1% 
 
Precision: 4×10-5 at 100 μA for a 30 msec beam window 

“Unser monitor” for absolute beam current 
  not important for HAPPEX (and PREX) 

[34] J. Alcorn et al., NIMA522,294(2004) 

see https://www.jlab.org/div_dept/admin/publications/papers/01/ACT01-12.pdf 

toroidal Paramagnetic Current Transformer (PCT) 
sensitive to the DC component of the magnetic field generated by the 
beam current around the beam pipe 



R. Michaels,  Jlab 

Seminar @ TAMU 

 Mar 6, 2012 

Upgrade  for  1%  accuracy  at  1  

GeV 

scatteringe


 

34/53 

Beam Polarimeter (Compton Polarimeter) 

Green  Laser  
  (increased sensitivity at low E)     
Integrating  Method  
  (removes  some  systematics  of 
analyzing power) 

Detector: PbWO4 crystals 



R. Michaels,  Jlab 

Seminar @ TAMU 

 Mar 6, 2012 

Moller   Polarimeter 
 
 
Superconducting  Magnet  from  Hall C 
Saturated  Iron  Foil  Targets (at 4 T) 

 1 %   Accuracy   in  Polarization 

Magnet  and  Target 

Upgraded  for  PREX 

scatteringee




ferromagnetic foil 

Ptarg = 7.95±0.24 % at 24 mT 
75˚ <ϑc.m.<105˚ 
-5˚ <φc.m.<5˚ 
The values are before PREX meas. 
[34] J. Alcorn et al., NIMA522, 294(2004) 



Diamond  LEAD 

  Lead / Diamond  Target 

•  Three  bays 

•   Lead  (0.5 mm) 
 sandwiched by   
 diamond (0.15 mm) 

• Liquid  He  cooling  (30 Watts) 

Copper Frame 
cooled to 20 K 



Performance  of   Lead / Diamond  Targets 

Last 4 days  at  70 uA 

Targets  with  thin  diamond 

backing  (4.5 % background) 

degraded fastest. 

 

Thick diamond (8%) ran well  and 

did not melt at 70 uA. 

melted 
melted 

NOT 
melted 

Solution:   Run  with  10 targets.   



40 [34] J. Alcorn et al., NIMA522, 294(2004) 

High-Resolution  
Spectrometers (HRSs) 

placed at ϑlab = 5˚ 



41 [34] J. Alcorn et al., NIMA522, 294(2004) 

Position sensitive detectors 
(VDCs) 
 
only used for calibration 
purposes 
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Elastic 

detector 

Dipole 

Quads 

target 

DETECTOR   footprint 

  2.6  

MeV 

Pure, Thin     208 Pb    Target 

Scattered   Electron’s    Momentum  (GeV/c) 

Inelastic 

quartz detector 
Cherenkov light 
PMT (quartz window) 

Stability of the PMT 

signal? 

Integrated Detectors DETECTORS  

The fluctuations of the L-R difference for 
each window is dominated by the counting 
statistics up to 1 GHz 

850 MHz 

The 208Pb 1st Ex. 

state is negligible. 



P I T A    Effect 

)sin( IA Laser  at  

Pol.  

Source 

Polarization  Induced  Transport  

Asymmetry 

yx

yx

TT

TT




where 

Transport  Asymmetry 

Intensity  Asymmetry 



drifts,  but  slope is  

           ~ stable.      

Feedback  on   



Important  Systematic  : 

99.99% circular pol. but with 1.4% 
linear pol. (different orientation) 
causes intensity asymmetry 



Intensity Feedback 

Adjustments 

for small phase shifts 

to make close to 

circular polarization 

Low jitter and high accuracy allows sub-ppm 

Cumulative charge asymmetry in ~ 1 hour 

In practice, aim for 0.1 ppm over 

duration of data-taking. 

~ 2 hours 

HAPPEX 



G.M. Urciuoli 

Transverse  Polarization 

 TTTTT PAAPAA  00 sin 



o

T PP 3sin  

ppmAT 150 

HRS-Left HRS-Right 

Transverse  Asymmetry   Systematic  Error   for   Parity 

“Error  in” 



TP

Left-right  apparatus  
 asymmetry 

Need       33 1010  < 

ppmAT 10  measure  in  ~ 1  hr    
(+ 8 hr  setup) 

Theory  est.  (Afanasev) 

P


Transverse  polarization 

Part I:   Left/Right  Asymmetry 

correction syst. err. 

< 

Control          w/  slow  feedback  on     
 polarized   source   solenoids. 





G.M. Urciuoli 

Transverse  Polarization 

   cos0cos 0

TT PAA



HRS-Left HRS-Right 

Vertical   misalignment   Systematic  Error   for   Parity 

P


Horizontal  polarization    
e.g.    from  (g-2)   

Part II:   Up/Down  Asymmetry 

( Note,   beam   width    is   very  tiny    m100~

up/down 
misalignment 

•    Measured  in  situ  using     
 2-piece  detector. 

•    Study  alignment  with  
 tracking  &   M.C. 

•    Wien   angle   feedback  (      ) 

33 1010cos   TP

Need 

) 



< < 

sinPPT 
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Analysis Details, Calibrations, Corrections 

page-3 page-4 



A
corr

 = A
raw

 - A
Q 

- ( 
E
+ 

i
x

i
 )

 

•natural beam jitter (regression)  
•beam modulation (dithering) Slopes from 

Correction/Uncertainty of the Asymmetry 

Beam jitter in window 
quadruplets: 
  ΔE/E~2 ppm 
  Δ X~20 μm  

Abeam beam intensity fluctuation 

monitored and  
converted to A and be 
corrected as Abeam. 
 
Coefficients are 
measured several times 
each hour 
with modulation by 
steering coils and cavity 

raw data 
asymmetry 

corrected 
asymmetry 



A
corr

 = A
raw

 - A
Q 

- ( 
E
+ 

i
x

i
 )

 

Correction/Uncertainty of the Asymmetry 

Abeam beam intensity fluctuation 
raw data 

Abeam = -39.0±5.9 ppb 

AQ = 84.0±1.3 ppb 
from the text 

Why the numbers 
in Table II are 
different? 

corrected 
asymmetry 

Acorr = 594±50(stat) ±9(syst) ppb 

Araw is not written 

from Abeam, detector non-linearlity, AQ, and 

transverse asymmetry 



Correction/Uncertainty of the Asymmetry 

#1 by Pockels cell:  for every window (83 msec) 

#2 by a λ/2 plate:   for every 12 hours 

#3 by a solenoid spin rotator:   for every few days 

Spin change 

With changing the spin by #2 and #3, the same results were 

obtained within the (statistical) uncertainty 

Acorr = 594±50(stat)  

  ±9(syst) ppb 

The averaged result: 



Background, Beam Polarization 

Background from carbon (diamond): 
  f = 6.3±0.6 %, A=817±41 ppb 

by cal. using e-N weak neutral isoscalar 

coupling with corrections [37] 



Background, Beam Polarization 

Beam Polarization 

by Compton polarimeter (continuous) 

Pb=88.2±0.1±1.0 % 

by Moeller polarimeter (9 measurements) 

Pb=90.3±0.1±1.1 % 

Average of the two 

Pb=89.2±1.0 % 



Background, Beam Polarization 

Result after all the corrections 



Scattering Angle, Acceptance 

Scattering Angle Calibration 

Δ<Q2>/<Q2> = 1% 

water cell target 

Acceptance Averaging 

http://prl.aps.org/epaps/PRL/v108/i11/e112502/prex_accept.txt 

0.000
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0.008

0.010
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Scattering Angle (deg) 

Δ<Q2>/<Q2> = 0.8% 



Result 

Result after all the corrections 

q=<Q2>1/2=0.475±0.003 fm-1 



Result 

Is this analysis really 
model independent? 

“provides the first electroweak 

observation of the neutron skin” 

In abstract 

“A future run is planned which will 

reduce the quoted uncertainty by a 

factor of 3 [43], to discriminate 

between models and allow predictions 

relevant for the description of neutron 

stars and parity violation in atomic 

systems.” 

In summary 

No discussion on the 
impact of the result? 



... 

Science Now 



Based on the work by X. Roca-Maza et al., PRL106, 252501 (2011) 

DP: Dipole Polarizability 

Determination of Symmetry Energy 

Rn-Rp = 0.168±0.022 fm 



Preliminary 

L45±18 MeV 
J=30.9±1.5 MeV 

M.B. Tsang et al.,  
PRC86, 015803 (2012). 

I. Tews et al., 
arXiv:1206.0025v1 

and this work 

DP: Dipole Polarizability 
HIC: Heavy Ion Collision 
PDR: Pygmy Dipole Resonance 
IAS: Isobaric Analogue State 
FRDM: Finite Range Droplet 
   Model (nuclear mass analysis) 
n-star: Neutron Star Observation 
cEFT: Chiral Effective Field Theory 
 

Determination of Symmetry Energy 

DP: 



Theoretical Correction by C.J. Horowitz 
C.J. Horowitz et al., PRC85,032501(R)(2012) 

Firstly Woods-Saxon shape weak density distribution is assumed 

With fixing a=0.6 fm, R is changed so as to the acceptance average of A 

reproduced the PREX result 

Then the R=6.982 fm is obtained. With this ρw(r), and the equation 

Fw(q-bar) has been determined as (q-bar = 0.475±0.003 fm-1) 

The model uncertainty (0.001) has been obtained by varying a by ±0.05 fm. 

Why can the model 
dependence be 
obtained with only 
change a and fixing ? 



The range of a was obtained from several 
mean field calculations. 

Are the number of model 
calculations enough to estimate 
the model dependence? 

Helm-model is used to extract the weak-
charge radius (Rw). 

Helm-model: Gaussian (with σ) is folded with a square uniform distribution with a 
radius R0. The parameter σ represents the surface diffuseness and neutron size.  

Is this toy-model (Helm-model) 
enough for the discussion? 

Rw has been determined so that the Helm-model reproduce the Fw(q-bar) result 
(equation 6). The model dependence has been estimated by varying σ with  
σ=1.02 ±0.09 fm. Again this σ range was estimated from mean-field calculations. 

Why are the two models, 
Woods-Saxon shape and Helm-
model, used? 



The weak-charge skin has been obtained as 

The single proton/neutron weak-charges are described as 

At tree level, the weak nucleon charges are 
  qn = -1 
  qp = 1-4sin2ϑW 

where ϑW is the Weinberg angle., With radiative corrections,  
  qn = -0.9878 
  qp = 0.0721 
Then 

The weak-charge density is expressed as 

This model uncertainty is 
already larger than the 
model-dependence of the 
dipole-polarizability. 

DP: Rn-Rp = 0.168±0.022 fm 



   PREX-II    Approved  by  PAC    (Aug  2011) 

 “A”  Rating   35  days    to  run  in 2013 or 2014  



PREX could provide an electroweak complement to Rn predictions 

from a wide range of physical situations and model dependencies 

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.  

Recent Rn Predictions Can Be Tested By PREX at Full Precision 

(APV)/APV ~ 3% 

(Rn)/Rn ~ 1% 

These can be tested with 

Hebeler 

Steiner 
Tamii 

Tsang 



 

Collimators 

Septum  
Magnet 

target 

HRS-L 

  Q1 

HRS-R 

  Q1 

Improvements  for  PREX-II 

Location  of  ill-fated  O-Ring    
which  failed  &  caused  significant 
time   loss  during  PREX-I 
 
  PREX-II  to use  all-metal  seals 

Tungsten  
Collimator      
&   Shielding 

Region  downstream  of  target 



Possible   
Future    
PREX  
Program  ? 

  Nucleus   E  (GeV)   dRN  / RN      comment 

   208Pb    1   1 % PREX-II  (approved  by  
Jlab  PAC,   A rating) 

   48Ca  2.2  (1-pass)   0.4 %  natural  12 GeV  exp’t 
 will propose @ next PAC 

   48Ca  2.6   2 %  surface  thickness 

   40Ca  2.2  (1-pass)   0.6 %  basic  check of  theory 

  tin  isotope  1.8   0.6 %  apply to heavy  ion 

  tin  isotope  2.6   1.6 %  surface  thickness 

Each  point  30 days            stat. error  only 

J. Phys. G39  014104  2012  Shufang Ban,  C.J. Horowitz,  R. Michaels 

Not  
proposed 
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Thank you for 
your attention! 




