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Electron - Nucleus Potential
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electromagnetic axial
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Reminder: Electromagnetic Scattering determines p(r)

. Z° of weak interaction : sees the
Y - neutrons

%[% ol b 1 p(r) Analysis is clean, like electromagnetic scattering:
‘ ] o1 1. Probes the entire nuclear volume
| o0 & _ mm\ 2. Perturbation theory applies
| - 5 proton neutron
U: . q E+M charge .
I R Electric charge | 1 0
P i N I Neutron
. e s I Weak charge 0.08 1
(10 T R R
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Nuclear Structure: Neutron density is a fundamental
observable that remains -elusive.

50 T | T | T
. B.A. Brown [PRL 85, 5296 (2000)]
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FIG. 2. The neutron EOS for 18 Skyrme parameter sets. The
filled circles are the Friedman-Pandharipande (FP) variational
calculations and the crosses are SkX. The neutron density is in
units of neutron/fm?>.
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Reflects poor understanding of
symmetry energy of nuclear
matter = the energy cost of N # Z

“1 E(n,X) = E(n,x=1/2) +(1—2x2)

__ ratio

N = n.m. densi =
R proton/neutrons

« Slope unconstrained by data

« Adding R, from 208 py,
will eliminate the
dispersion in plot.



Measurement at one Q° is Pins down the symmetry

sufficient to measure R energy (1 parameter)
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PREX & Neutron Stars

( C.J. Horowitz, J. Piekarweicz )

R  calibrates EOS of ik o skin in Bh , »
. - icker neutron skin in Pb means energy rises rapidly
Neutron Rich Matter 9 with density > Quickly favors uniform phase.

- Thick skin in Pb - low transition density in star.
Crust Thickness

Explain Glitches in Pulsar Frequency ?

- The 298Pb radius constrains the pressure of neutron matter
at subnuclear densities.

- The NS radius depends on the pressure at nuclear density
and above..

Combine PREX RN with 9 - If Pb radius is relatively large: EOS at low density is stiff

Obs. Neutron Star Radii with high P. If NS radius is small than high density EOS
soft.

Phase Transition to “Exotic” Core ? - This softening of EOS with density could strongly suggest a
transition to an exotic high density phase such as quark

Strange star ? Quark Star ? matter, strange matter, color superconductor, kaon
condensate...

- Proton fraction Y, for matter in beta equilibrium depends
on symmetry energy S(n).
- R, in Pb determines density dependence of S(n).
Some Neutron Stars 9 - The larger R, in Pb the lower the threshold mass for direct

URCA cooling.
seem too Cold .
- If R,-R,<0.2 fm all EOS models do not have direct
G M. Urciuoll URCA in 1.4 M- stars.
M. Urcluol - If R;-R,;>0.25 fm all models do have URCA in 1.4 M-

stars.



Atomic Parity Violation

« Low Q7 test of Standard Model , ,
Isotope Chain Experiments

« Needs R tomake further progress. e.g. Berkeley Yb
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Neutron Skin and Heavy — Ion Collisions (Alex Brown)

Skx-s15

Skx-s20

Skx-s25
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( )

PREX | Measured Asymmetry |
Physics
Impact

Correct for Coulomb
Distortions

—

Weak Density at one Q2

/ Small Corrections for
n

Atomic °e Ceg MEC
Parity . N
Violation Neutron Density at one Q2

|

Assume Surface Thickness
Good to 25% (MFT)
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Hall A at Jefferson Lab
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PREX In Hall A at JLab

» @ Position Monitors

Lead Foll + @ Intensity Monitors
; Luminosity Monitors

Target ; Detectors
DE { A Modulation Coils

Pol. Source
Hall A N ®, W=
CEBAF
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High Resolution Spectrometers

Spectrometer Concept:

Resolve Elastic

Elastic
detector
Inelastic

B
Left-Right symmetry to
control transverse Quad
polarization systematic target

Dipole
N~
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Experimental Method

polarized-source

specialized ) GaAs Rapid, Random Helicity Flips Measure flux F
optics T for each window
laser T 7| >99% livetime R E-F
% % 100 kY HV Awindow pair= S
1 l +
, \/ ' window L H L e+ b
polarized 1 )
J electrons 1 15 Hz l
E Accelerator ;

rapid, random, helicity flipping

G(A)
Signal Average N Windows Pairs: A +/- N
Flux Integration Technique: . . _ windows
HAPPEX: 2 MH Calorimeter Raw Window Pair Asymmelry
PREX: 850 MH; 10° c= 3.8x10°
Calorimeter 10°
: W\gl>t|~ ﬁ ~ 90 microamps 0.8 ppm
//// . copper integrator 02 . o1 02

electron flux [ : quartz

No non-gaussian tails to +/- 50
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Consolidated techniques from the previous Hall A parity violating electron scatttering experiments
(HAPPEX)

Polarized Source PITA Effect

(Polarization Induced Transport Asymmetry)

High P, ]

—— GaAS
High Q.E. Photocatode
Low A ...
*Optical pumping of
A— zolid-state . 3
: - N Intensity Asymmetry -4 =& A sin Laser at
photecathode Pol.
.\ *High Pelarization nrER = " S{_:'%:E
: + Pockelz cell Transport Asymmetry -
- itousesic | [N | ollows rapid
m """" il - Wiy | @ffective heliei ,
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: A System S Plate : asymmetries. ! . .
— Slow helicity linear pol. A drifts, but slope is
Intenzity b : 'Slow helicity = ~ stable.
Attenuator ‘ Polurized o= | FEVErsal to further == Fesdback on A
(charge cancel beam
Feedback) asymmetrics
Intensity Feedback Beam Asvmmetries
: . = - + + AX.
Adjustments Laser f—— Pockels Coll ————{ Phorexathods ":::::" {BCM — Araw Adt‘t AQ C(‘AE Z BI&XI
< o Microscope
Jor small phase shifis b Slide 'natural beam jitter (regression)
to make close to Pl bl e . Slopes from ‘beam medulation (dithering)
: . g I H S - .
circular polarization b v Commt L D — T —— RpTyR——— ¥ 31 targe v, e
“LRY ] Generator ::::;M:m = .D.%D Syﬂcm. i 5:2 E: E “r o
| ! A Offser (freq) 4 1oL I 2 a R Ll -':| "
S 5 Helicity Comeol Electronics _E S-"- 'DAC'E ‘E " o i m:i""‘: l:w
g |} e T Polarized Source Hla 2 3 Toge
;f 0 | Low jitter and high accuracy allows sub-ppm
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1] 1 mn 3 "o o w8 s e modulatie
Mimirun Sumber
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New for PREX

(to achieve a 2% systematic error)
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Double Wien Filter

Crossed E & B fields to rotate the spin

* Two Wien Spin Manipulators in series
* Solenoid rotates spin +/-90 degrees (spin rotation as B but focus as B?).
Flips spin without moving the beam !

Electron
Beam oriainal
SPIN Vertical
T~ _orientation  Solenoid &i::' Horizontal
S <=7 i )
s «_:/' N Solenoid ~ .

TS - optimized
launch

angle

e - 90
’ T~ %0 "-I\-
: /I —

Joe Grames, et. al.
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i HWP OUT/Wien L A=22.676 +/- 8.724 nm, dof=60, y"= 0.98, P=0.52
diff_bpmdax | \uwe INWien L A=11.685 +/- 7.995 nm, dof=72 , y’= 1.36, P=0.02
ﬂl_z WP OUT/Wien R A=24.702 +/- 5.396 nm, dof=100, y’= 1.20, P=0.08

Parity Quality
AVG- A=19121 +/- 4.610 nm, dot=173 , ;-;‘:: 1.27, P=0.01

AVG A=2.386 +/- 3130 nm, dui=32_«_ﬁ . f= 1.45, P=0.00 B e am !
} Points: Not

0.15

0.1
0.05
0

sign corrected Helicity — Correlated
Position Differences

31 T
* M h” TI‘}{_%I‘}H
P ' < ~3nm

0.05 Average with signs =
0 what exp’t feels o Wien Flips helped !
5 20 25 30 ==
0.
< Xi; — X/ > for helicity L,R 0.1
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o

iff_bpm12x (\ywe INWien L A=20.857 +/- 11.230 nm, dof=72 , y’= 1.18, P=0.14

AN
“[HWP OUT/Wien L A=9.973 +/- 10.626 nm, dof=60 , y*= 0.97, P=0.54
J WP OUT/Wien R A=17.966 +/- 10.907 nm, dof=100, y°= 1.04, P=0.37

2

AVG- A=23.064 +/- 7.874 nm, dot=173 , ¢ = 1.10, P=0.13
AVG A=-0.378 +- 5287 nm, dof=326 , ][2= 1.07, P=0.18
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Moller Polarimeter (<1 % Polarimetry)

Upgraded Polarimetry Upgrades:
(Sirish Nanda et al.)

Compton Polarimeter (1 % Polarimetry)

Magnet = Superconducting Magnet from Hall C

Target =» Saturated Iron Foil Targets

Upgrades:
DAQ = FADC

Laser - Green Laser

G.M. Urciuoli
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50 Septum magnet

(augments the High Resolution Spectrometers)

(Increased Figure of Merit)




Integrating Detection
Deadtime free, 18 bit ADC with < 10+ nonlinearity.

DETECTORS . Integrator
Calorimeter
z [ransport Coord. Sys o —
- v & ADC
¥— Y & T pMT
Spectrometer Coord. Sys. . 0 —
X ey
NOT TO SCALE =
Actually two thin quartz detectors
. Eoa iy
s
TOP of VDT BOX [ T | e/e
- : Cty,
[vDe2 - . — Ons
i Transport z at det] location
ZI:‘.TD(IZZZIZIIZZZIZZIIZIZZZIIZIIZZZIZZIZII;Z}I;_Z;IZZZZZIIZIIZZZIZZIIZIZZZIIZIZZZZIZIIZZIZIZII:: The X,y dimensions of the quartz determined from beam test

data and MC (HAMC) simulations.
Quartz thickness optimized with MC.

Transpert z= 0

. LHRS x (Beam Checkout) Detector Asymmetry, Slug 39 | hiemp
B orE: commieilon | ™ ™™ Enires 81039
& % Commission ! . E Mean 04111
SrosL.xzopmen. i New HRS optics F L RMS 171 o
: : : tune focuses r o ) 120 Hz pair windows
O S SN S I — elastic events both s i Yy asymmetry distribution.
in x & y at the i ! L o
103 ............ ,,\ ............ , .............. PREX detector 1035_ ‘H‘H’ LLT NO Gauss'an talls up tO
: s location E f- :1 5 standard deviations.
......................... s | L
C I 1
" = 1[
107 30 L Jr
[
102 <10° ' | el lacelion, ‘ :

.
TIT

g
§H
g
g:
sh

400  -300 -200 -100 0 100 :
Detector Plane x (m) reg_asym_n_det all



Beam-Normal Asymmetry in elastic electron scattering

l.e. spin transverse to scattering plane

T \ A; >0 means
o —O _’ o A
A = o S, 0 (Kexk'e) ’
0 \J e
O + 0O
X
Possible systematic if small
transverse spin component
k
New results PREX /
“*Ph: A =+0.13+£0.19 + 0.36 ppm
wo©
\(\QN@Q@?} 12~ _
RS C: A =-6.52+x0.36 £ 0.35 ppm
QO
Q\p\\c’@ - Small A;for 298Pb is a big (but pleasant) surprise.

- A; for 2C qualitatively consistent with “He and available
calculations (1) Afanasev ; (2) Gorchtein & Horowitz
G.M. Urciuoli



PREX Result

G.M. Urciuoli



Systematic Errors

Polarization (1) 0.0071 1.1 A= 0656 opm
Beam Asymmetries (2) 0.0072 1.1

o + 0.060 (stat) = 0.0140(syst)
Detector Linearity 0.0071 1.1
BCM Linearity 0.0010 0.2
Rescattering 0.0001 0 o o

L - Statistics limited (9% )

Transverse Polarization  0.0012 0.2
Q* (1) 0.0028 0.4 > Systematic error goal
Target Thickness 0.0005 0.1 achieved! (2%)
12C Asymmetry (2) 0.0025 0.4
Inelastic States 0 0
TOTAL 0.0130 2.0

(1) Normalization Correction applied
(2) Nonzero correction (the rest assumed zero)
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ppm

PREX Asymmetry (. xa)

dit det_all

0.5

HWP OUT/Wien R A=-0.606 +/- 0.113 ppm, dof=58 , y°= 1.06, P=0.38
IHWP IN/Wien R A=-0.496 +/- 0.107 ppm, dof=71 , y’= 0.75, P=0.95
HWP OUT/MWien L A=-0.566 +/- 0.085 ppm, dof=87 ,y°= 1.18, P=0.14 [

AVG- A=-0.535 +/- 0.071 ppm, dof=159 , y°= 0.97, P=0.60
AVG A=-0.594 +/- 0.050 ppm, dof=308 , = 1.00, P=0.50
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Slug ~ 1 day



Asymmetry leads to R,

i ' ! ' | ' N | ' ]
i NL3 Plane wave
09 _
- \E -
NL3mO05 i
£ 0.8 ]
= - A = 0.656+ 0.060(stat) + 0.014(syst) ppm .
< S SLY4 - :
i NL3p06 i
07k . PREX data -
L NL3m05

0 ] | 1 | 1 l ] 1 ]
g 4 5.5 5.6 5.7 5.8 59

R (fm)

G.M. Urciuoli Ry = 6.156+1.6750<A>—3.4200<A>2



PREX Asymmetry : Data vs 8 Models

— PREX Result, cont.
A (ppm) [ N " -
075 DATA o
: o o
ol o v o A = 0.656+ 0.060(stat) £+ 0.014 (syst) ppm
B o
: i :3 f:l mft9s
0.65—
: o 2
B ni3mo5 8 Selected Models
06/ Ry = 5.78 +0.16 -0.18 fm
2 0 2 4 5 ; 10
057 | Neutron Skin = Ry - Rp =
~ i DATA ]
.§ 0.4 -
= .| 033 +0.16 -0.18 fm
KE O ES & 800
Y o i 35T S
: 0.2 G%:O:o:ow::% %% -
- o 29, 1 . .
Z o4 _o&;iw:};z;i.sg%,w,&""w Establishing a neutron skin at ~92 % CL
X 0¢¢@%.... ® Tee Vo 4
O.U .0’ .......... —_— - r—
P theory: P. Ring
o 00 250 G.M. Urciuoli



208pph Radius from the Weak Charge Form Factor
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| Measured Asymmetry | mmp A= 0.656+ 0.060(stat) + 0.014(syst) ppm
1 |

1 sin(gr
Correct for Coulomb Ouw __ Lo =y (q) = —Idgrﬂp\,\,(r)
Distorsion 1re = Qu ar
Fourier Transform of the _
Weak Charge Density at | wmlp Fw (@) = 0.204% 0.028(exp) =+ 0.001(mod)
g=0.475 +0.003 fm1! l Helm Model
l R, = 5.826+0.181(exp) +=0.027(mod) fm
Small Corrections for
c" G*S Z
m e Nl Qe B (o) Zp 2N (e
1 a,N da,N N d,N
Assume Surface Thickness l

Good to 25% (MFT)

R? = 0.9525e R} —1.671e(r?)+0.7450 fm”

! !

N - R, =5.751+0.175(exp) = 0.026(mod) £ 0.005(str) fm

R

(To be compared with Ry, = 5.78 +0.16 - 0.18 fm)
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TRANSVERSE ASIMMETRY
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Two photon exchange

» R= G4 /G, discrepancy — 2y exchange amplitude Ay,
= Obszervable: Beam normal spin asymmetry BNSA

w BNSA sensifive o In{la, ).



Asymmetry dependency on azimuthal angle

T — o -

Al = =A (WP F=A cosg

Tr+a)

G.M. Urciuoli



A, [ppm]
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PREX measured A, with 12C and 298Pb targets.

HAPPEX and HAPPEX-II measured A,, with tH and “He targets
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FUTURE: PREX-II
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PREX-II Approved by PAC (Aug 2011)

“‘A” Rating 35 days run in2013/2014
0.8

N Rn=R_p
A (ppm) |
0.75— L
B si
- e @
- PROJECTED ® slyd  ni3p06
0.7 [ ° siii
B e & .
B niz fsu
0.65—
B @
B nl3m05 8 Selected Models
0.6/—
B | | | | |
-2 0 2 4 6 8 10
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PREX Region After Target Improvements for PREX-II

Tungsten
Collimator &

~ Shielding

~ XY 4 Septum

N AN N
NN\ Magnet

Former O-Ring location which

failed & caused
time loss during PREX-I

- PREX-Il to use all-metal seals



shielding

beamline

tungsten collimatot

end of s»ptum pipe

Strategy

* Tungsten (W) plug
07° <0< 3

* Shield the W

X 10 reduction in
0.2to 10 MeV neutrons

Geant 4 Radiation Calculations

~—— scattering chamber J. Mammei, L. Zana

PREX-II shielding strategies

N (electron™ (0.1 MeV)™) N (electron™ (0.01 MeV)™)

N (electron™ (10 MeV)™)

-
(=]

10™
10"
10°°
10°
. I [ T ST T NN TR ST T SO [ N ST T ST TR NN T ST T S (N ST TN ST NN ST A S N AU NS T N AR '
(] 0.1 0.2 0.3 0.4 0.5 0.6 0.7

- - PREX-|

wp 1-10 - PREX-Il. no shield
s B MEV - PREX-Il, shielded
. g 1 v o

10°

) 10 - 1200
:: MeV
g 3 0

L 1 L L L

26



Percent Error in R_N vs Energy (Calcium Isotopes)

— ' -
* Cass . Other Nuclel
) =) e Cad0
hor ° ?
[ e )
i o RN L ¢ ® ° P
i o 0,0 Shape Dependence ?
o e Surface
1 ':.. 8 thickness
- ®e ‘e, see :; :
. il YR
II]|5| - ‘ll - |1|5| - é — I2!5| — :li
E (GeV)
Percent Error in R_N vs Energy (Tin Isotopes)
= i . & Sn120
% L ® Sn124
Parity Violating Electron Scattering e - ° Sn 112
Measurements of Neutron Densities - N o Surface
Shufang Ban, C.J. Horowitz, R. I 88° . thickness

Michaels o . - o
arXiv:1010.3246 [nucl-th]
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Summary

Fundamental Nuclear Physics with
many applications

Because of significant time-losses due to
O-Ring problem and radiation damage
PREX achieved a 9% stat. error in
Asymmetry (original goal was 3 %).

PREX measurement of Rn is nevertheless the
cleanest performed so far

Several experimental goals (Wien filters, 1%
polarimetry at 1 GeV, etc.) were all achieved.

Systematic error goal was consequently
achieved too.

PREX-II approved (runs in 2013 or 2014)
=> 3% statistical error



Spare
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00s

006

0.02
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Corrections to the Asymmetry are

Mostly Negligible

Coulomb Distortions ~20% = the

Transverse Asymmetry
Strangeness \
Electric Form Factor of Neutron
Parity Admixtures

Dispersion Corrections

biggest correction.

Meson Exchange Currents
Shape Dependence
Isospin Corrections

Radiative Corrections

> Horowitz, et.al. PRC 63 025501

Excited States
Target Impurities j



Polarized Electron Source

Laser
GaAs Crystal Pockel
Gun / Cell flips =mees Halfwave plate
helicity (retractable, reverses helicity)
A /
U /
e” beam

« Rapid, random helicity reversal
» Electrical isolation from rest of lab

 Feedback on Intensity Asymmetry

G.M. Urciuoli



Future in Hall A at JLab

Early Experiments
A

92p/GEp 12 mo. Shutdown _’ )
no promised beam

SuperBigbite
$

Commissioning _

Beam 1st to Hall A

Moller
l $$$

PREX = || ? __M

2011 2012 2013 2014 2015 2016 2017 2018




—~

L Possible | =
< ~uture PREX

bﬁ, ' Program 7 St . O
, t> h’\ NN % ==
1 , ‘\j“‘i‘",‘:” =

1

Each point 30 days stat. error only
—  208pp 1 1% PREX-II (approved)
48Ca 2.2 (1-pass) 0.4 % natural 12 GeV
Not vyet exp’t
proposed.
Just a 48Ca 2.6 2 % surface thickness
“what if ?” :
40Ca 2.2 (1-pass) 0.6% basic check of
- theory

tin iSOtOpeShufang %énB, C.J. Horowitz, R. %l’c?aoe/% arXiv:l%P&l%ganc?-%]vy lon
tin isotope 2.6 1.6 % surface thickness



