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Hall A at Jefferson Lab
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PREX Setup
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Weak Interactions

The Glashow-Weinberg-Salam Theory unifies the
electromagnetic and weak interactions.

Left —handed fermion fields (quarks & leptons)
= doublets under SU(2) - Parity

Right-handed fields = singlets under SU(2) Violation
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How to isolate the weak interaction

Do 2 experiments
that are mirror
images :

Weak interaction
looks different.

EM iInteraction
looks same.

R. Michaels, Jlab
HUGS Lecture E;Z
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The weak interaction changes
with mirror imaging
which allows to isolate it.

Positive spin Incident electron
spin  momentum Target

mirror Image  — — @

A nucleus iIn
target

Negative spin ¢ 3 .

Method: Flip spin of electrons and
look for difference in scattering rate.

R. Michaels, Jlab
HUGS Lecture :
.gefggon Lab

Thomas Jefferson National Accelerator Facility
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Applications of Ay, at Jefferson Lab

 Nucleon Structure
Strangeness ss in proton (HAPPEX, GO expts)

. Test of Standard Model of Electroweak Sin° @,

e—e (MOLLER) or e—q (PVDIS)
elastic e—p at low Q? (QWEAK)

« Nuclear Structure (neutron density) : PREX & CREX



How to explain the nuclear landscape from the bottom up? Theory roadmap

Nuclear Landscape

Ab initio
Configuration Interaction
Density Functional Theory

J. Phys. G 43, 044002 (2016)
http://iopscience.iop.org/article/10.1088/0954-3899/43/4/044002




PREX (29%Pb) and CREX (48Ca)

Measuring Neutron Skins R, — R, provides new information
and new constraints on nuclear structure theory

208ph more closely
approximates
infinite nuclear
matter (and neutron
stars)

The structure of *3Ca
can, only recently, be
addressed in detailed
microscopic models.

R. Michaels, Jlab
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Neutron Skin R_n -R_p vs Mass Number A

0.5

0.4

0.3

0.2

0.1

-0.1

n . PREX-l;

- G-REX_ . Relativisitic Mean Field i TP

: T PR “ a v, -.'-.-:IE. . “ :- '.fa.i1

L * u .l.':-.i-:- ats

e S SO NP et OSSNSO TSSO Y JOOPSTOR RS S

— . o u us * “ :

— - .-'-'. E ] .. - *. “

IR PR & i ; i :

N : : s oo T -

__.i .......... ﬁ.‘{:}{}ﬁ{}{}{}{}ﬁ{}_.{}.{}{}{}{}{}{}&ﬁ&{}ﬁ{.}&&{}{ﬁéﬁ&pﬁﬁ%{@{}& .......... {}ﬁ{ﬁ&'&){ﬁi
et 000 WP, ¢

o gbe YT 0 by : : .

IS '{}{?{}{} N?nrelativistic Ekyrt;‘ne

— s S SO SO

:ﬁﬂ'ﬂ’{} ; ;

. | i i

N N
100 150

200

250

Theory from P. Ring et al. Nucl. Phys. A 624 (1997) 349

Jeffé?son Lab

DThomas Jefferson National Accelerator Facility



Measured Asymmetry

PREX ~ | /
PhyS|CS Correct for Coulomb

Distortions

Output |

Ve

Weak Density at one Q2

/ Srr;]all Cosr!ctions for Mean Field

A G. Gg MEC & Other
Parity Models
Violation Neutron Density at one Q2

|

Assume Surface Thickness
Good to 25% (MFT)

Slide adapted from
C. Horowitz

R. Michaels, Jlab

HUGS Lecture Jeff;fzon Lab

OThomas Jefferson National Accelerator Facility



Fundamental Nuclear Physics :

What 1s the size of a nucleus ?

Neutrons are thought to determine
the size of heavy nuclei like 2°8Pb.

Can theory predict it ?

R. Michaels, Jlab 7
HUGS Lecture ;?
‘!g(;fngs Jeffggrl\'l.ati%aiaAlc)c

elerator Facility



Scattering of High-Energy

(here ~500 MeV) Electrons Scattering Rate vs Momentum Transfer
from Lead Nuclei.

The nuclei are the S Data -
“mysterious structures” L ' i
causing a pattern in the ! :
scattered electrons. ' +3ACLAY 76 T
@ | « STANFORD 69
> " B
4 ‘H‘
[ * .
Lead detector _ s
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Reminder: Electromagnetic Scattering determines o, (r)

208

do Pb

10 \ -

+ SACLAY 76
= STANFORD &9

06

R. Michaels, Jlab
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(charge distribution)

0.1

—— E+M charge

—— Weak charge
e Proton
------- Neutron
0 2 10
r (fm)



ZO

of weak interaction : sees the neutrons

T.W. Donnelly, J. Dubach, I. Sick
proton neutron Nucl. Phys. A503, 589, 1989
] C.J. Horowitz, S.J. Pollock,
Electric charge 1 0 P.A. Souder, R. Michaels
Phys. Rev. C 63, 025501, 2001
Weak charge 0.08 1 208
Pb
o.1 !
Neutron form factor ) C.J. Horowitz
1 . 0.08 - e ‘
2 3
Fu Q) == [d°r o(ar) oy (1)
Parity g 008 |
Violating 2
Asymmetry % 0.04 |
Q —— E+M charge
2 2
A = GeQ 1—4sin? 0, — LQZ) —— Weak charge
271004/2 F.(Q°) e P — Proton
VO ------- Neutron
R. Michaels, Jlab 0 z 4

HUGS Lecture
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How to Measure

Neutron Distributions, Symmetry Energy

« Proton-Nucleus Elastic ™
- Pion, alpha, d Scattering Involve strong probes,

. . the interpretation is
* Pion Photoproduction ~ clouded by understanding
« Heavy ion collisions of the reaction mechanism
« Rare Isotopes (dripline) ~
« Magnetic scattering —> Most spins couple to zero.

« PREX / C-REX (weak interaction)

« Theory —> MFT fit mostly by.(?ata other
than neutron densities

R. Michaels, Jlab
HUGS Lecture '
Jeffergon Lab

ccelerator Facility



PREX : Neutron Skin

Was expected since

/ more neutrons (n)

Skin than protons (p)
n only

Observed by PREX-I
(95 % confidence)

Interior
n &p

Parity Violating
electron scattering is
“cleaner” than other

probes
(e.g. proton scattering)

208Ph

Nucleus

Fundamental
check of nuclear
theory

R. Michaels, Jlab
HUGS Lecture http://hallaweb.jlab.org/parity/prex '
Jeffergon Lab

ccelerator Facility



Using Parity Violation
Electron - Nucleus Potential \7(|") — V(r) 4 Vs A(r)

electromagnetic / \ axial

- =/ G :
V(r)=[d%' z p(r)/Ir=r | A(r) = 2= [(1 - 4sin® 6,)Z pp () = N py (1)]
242
851 is spin 0 ﬂ — A(r) is small, ]?est Qbsewed
by parity violation
do do o\ 12 _
= |Fe(Q%) | — 1-4sin*g, << 1 neutron weak
dQ  d€ mor charge >> proton weak charge
Proton form factor Neutron form factor
F 2\ _ i d3 : F 2\ _ i d3 :
-(Q%) =— [d®r jo(ar) ps(r) V(@) == [d°r jy(ar) py (1)
Ar Ar

Parity Violating Asymmetry \
do do

ANy \do) o G.Q° {1_48"126, _R@)
do do 2maN2 | ) Fe(QF)
do ), da),

R. Michaels, Jlab
HUGS Lecture



From low to medium to high density neutrons

. . Medium density :
[ ] o o
LOW denSIty o IlllClel Heavy Ion Collisions
50 T T T I T | * =
| B.A. Brown [PRL 85, 5296 (2000)] 10 Pl‘ﬂjf‘ftllf
' 1.?{5-”
40 [~ . |
- -~ 5 }
% 30 0
=
z i ]
w -
20 £ A ‘
I ' 10{Targe
10 [~ = 11264
; 20 15 40 5 0 5 10 15 20
0 | | 1 I 1 ?
0.0 0.1 0.2 0.3
neutron density
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>.
Highest density :

Neutron Stars

Danielewicz, Lacey, and Lynch,
Science 298 (2002) 1592.




“Ab Initio” (exact microscopic) calculations of R, for“*®Ca have recently
been published. G.Hagenetal., Nature Physics 12, 186 (2016).

Can be compared to Density Functional Theory (the red and blue points)
and Dispersive Optical Model (DOM).

0.3} -
i 48 __ 208 I
B skin_rskjn ]
—_ 0.25_ r_____.____._ ____________ >_<_ :_
£ [ p | W. Dickoff,
= i ) e | etal
8 . L] PREX-II __° O
g 021 "
é i |
- Piekarewicz -
0.15 B m Relativistic 7 L
8 ® Non-relativistic |  abinitio
0 1_ | | | | | | | | 1 | | | | | | | | | | | | | | | | | 1 1 | |
) 0.15 02 0.25 03 0.35 04
n e ea e 1,
Ab initio": .. P2Pb] (fim)

G. Hagen et al., Nature Phys. 12, 186 (2016)



Application :

Neutron
Stars

What is the nature
of extremely dense
matter ?

Do collapsed stars form
“exotic” phases of
matter ? (strange stars,
quark stars)

R. Michaels, Jlab
HUGS Lecture

Crab Nebula

(X-ray, visible, radio, infrared)

Jeff;?son Lab

DThomas Jefferson National Accelerator Facility



&Q)
S
A NEUTRON STAR: SURFACE and INTERIOR @%G" é,&
. ‘Swiss ‘Spaghetti’ ‘Q& 'bQ')Q
" Cheeser— T hase ;
: Sal | :
CORE: nd | nputs:
Homogeneous ° o 21 / /
Matter oV
SN - Eq. of state (EOS) P(,O)
PREX helps here
ATMOSPHERE
ENVELOPE .
CRUST - Hydrostatics (Gen. Rel.)
OUTER CORE
INNER CORE . .
- Astrophysics Observations
Luminosity L
Temp. T
Polar cap Mass M from pulsar timing
. Cone of r.lptgan 2 4
magnetc
N feld L=4m0; R T
4 , " (with corrections ...)
& —
A
| Neutron Superfiuid + TIPS Mass - Radius relationship
Neutron Vortex  Proton Superconductor

Neutron Vortex ) /

Fig from: Dany Page.

J.M. Lattimer & M. Prakash, Science 304 (2004) 536.

R. Michaels, Jlab
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EX p er | me nt Set u p Parity: “The entire lab is

the experiment”

' @ Position Monitors

* @ Intensity Monitors

! Luminosity Monitors |

Target ; Detectors :

Dﬁb / : A, Modulation Coils '

Pol. Source

Hall A )

JLAB ® $@8)
CEBAF

Y . &




Hall A

Cherenkov
cones

|

‘ Polarimeters
~ Compton  Moller

Spectro: SQQDQ

R. Michaels, Jlab
HUGS Lecture



Spectrometers at Jefferson Lab

These machines are “microscopes” for looking at quarks.

R. Michaels, Jlab
HUGS Lecture '
Jeffergon Lab

ccelerator Facility



Spectrometers at Jefferson Lab

R. Michaels, Jlab
HUGS Lecture Jeffgfgon Lab

DThomas Jefferson National Accelerator Facility




Spectrometers Measure :

Magnets - measure momentum

Detectors - identifies particles

Direction of pointing - outgoing angle

Detector System

Magnets

R. Michaels, Jlab
HUGS Lecture
Jeffergon Lab

rson National Accelerator Facility



How to do a Parity Experiment

(integrating method)
polarized-source

specialized GaAs

optics ' Rapid, Random Helicity Flips Measure flux F
laser T DN for each window
> 99% livetime }
100 kV R R A _ Iﬁ F
" HV ; window pair
p()larized \/ 3 WilldOW L H L F;] + E—f
electrons i |
J Accelerator 15 Hz 5

rapid, random, helicity flipping

o(A)
Signal Average N Windows Pairs: A +/- N
Flux Integration Technique: Example : HAPPEX windows
HAPPEX: 2 MHz Calorimeter Raw Window Pair Asymmetry
PREX: 500 MHz 10°% 23 Million o= 3.8x10°
Window Pair
Calorimeter 10° e e
——— R —— A ~ . .
= e ) || e || PP
/// : copper phototube integrator 0.2 ] 0.1 0.2

electron flux [ : quartz

No non-gaussian tails to +/- 50



Experiment: Flip spin and count #
scattered electrons in each spin state

Detector 1 Detector 2
(count (count
electrons) electrons)

R. Michaels, Jlab
HUGS Lecture '
Jeffergon Lab

National Accelerator Facility



High Resolution Spectrometers

Spectrometer Concept:
Resolve Elastic
1st excited state Pb 2.6 MeV

Elastic  detector

Inelastic
T
Left-Right symmetry to Quad
control transverse
polarization systematic
¥
Q Q

R. Michaels, Jlab
HUGS Lecture



Measure O from Nuclear Recoil

250

OE=Energy loss
E=Beam energy
M,=Nuclear mass
0=Scattering angle

E 0 E
WA BT M,

Scattered Electron Energy (GeV)

I

200

150

100

50

%

Recoll is large for H, small for nuclel
(3X better accuracy than survey)

R. Michaels, Jlab
HUGS Lecture



Integrating Detection

* Integrate in 30 msec helicity period.
 Deadtime free.
« 18 bit ADC with <10% nonlinearity.

« But must separate backgrounds & inelastics ( =»HRS).

_ Integrator
Calorimeter (for lead, fits in palm of hand) |

T
TS| )T ADC
e

e
/@c 'y rOn
S

R. Michaels, Jlab
HUGS Lecture f;?
‘!'g(:fnas Jeffggrl\'llatike?Ab

ccelerator Facility



PREX-I
Physics Result

at Q2 =0.00906 GeV?

Ao oy + 0,
0.6571 = 0.0604 (stat) + 0.0130(syst)
ppm 9.2 % 2.0 %

- Statistics limited (9%)
- Followup expt, PREX-II to getto 3%

- Systematic error goal achieved ! (2%)

R. Michaels, Jlab
HUGS Lecture



A list of the Systematic Errors for PREX
with explanations to follow for the first two

Absolute Relative ( %)
(ppm)

— Beam Asymmetries (1) 0.0072 1.1
B ©arization (2) 0.0083 13

Detector Linearity 0.0076 1.2
BCM Linearity 0.0010 0.2
Rescattering 0.0001 0

Transverse Polarization 0.0012 0.2
Q2 (2) 0.0028 0.4
Target Thickness 0.0005 0.1
12C Asymmetry (1) 0.0025 0.4
Inelastic States 0 0

TOTAL 0.0140 2.1

(1) Nonzero correction (the rest assumed zero)

R. Michaels. Jlab (2) Normalization Correction applied
HUGS Lecture



Isolating the weak interaction
iIs not as easy as you think!

Positive spin Incident electron

spin  momentum Target

Wirtor Image. —> — @

A nucleus In
target

Negative spin ¢ 3 .

Want to flip spin of electrons and do
not flip E, 6 or anything else !

R. Michaels, Jlab
HUGS Lecture Jeff;onn Lab
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R. Michaels, Jlab
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Beam Asymmetries

Want to flip the helicity of the beam and
nothing else.

EM cross section depends on E, &
Residual helicity correlations will exist at
some level. Need to measure them and correct

for them.

Systematic error = error in the correction.



Polarized Electron Source

Laser
GaAs Crystal Pockel
Gun / hCeeI:LitﬂipS [ Halfwave plate
y (retractable, reverses
/ ..
{ 5! \, 7 helicity)
e” beam

« Based on Photoemission from GaAs Crystal
* Polarized electrons from polarized laser

e Need:

* Rapid, random helicity reversal
» Electrical isolation from the rest of the lab
« Feedback on Intensity Asymmetry

R. Michaels, Jlab ,
HUGS Lecture Jeff;?son Lab

DThomas Jefferson National Accelerator Facility



Parity Quality Beam : Unique Strength of JLab

Helicity — Correlated Position Differences
Plotted below

< Xgz — X/ > for helicity L,R l l
Araw = Adet ) AQ ta AE+ zBi AXi
T T Measured separately

Points: Not sign-corrected.
20-50 nm diffs. with pol.

source setup & feedback giff_bpm  Sign flips using V2 wave plate &
ﬂr.z; Wien filter ++ -+ --
« 0.15- | This BPM, Average = 2.4+ 3.1 nm
Sign flips provide g - -
further suppression : = 0.1
Average with signs = g . '}
what experiment feels . 0.05_—1 t ¢ I + 1 ;
_ 2 oE t ] % . ¥ A 1§73
achieved 5 VL 't
< 5nm 0.051 }
- PREX data
-0T|||||||||||||||||||||||||
157200 25 30 35 40

R. Michaels, Jlab Slug # (~1 day)
HUGS Lecture



Important Systematic : P I T A EffECt

Polarization Induced Transport Asymmetry

Intensity
Asymmetry A =& Asin(0) Laser at
T -T Pol. Source
where £=——7 Initial Linear
T +T Polarization k
Y Xy
Transport Asymmetry Pockels Cell
(Imperfect A/4 Plate)
Polarization giast/
Ellipses A;:W
A=0 A --;_‘:«*---es--->

Asymmetric
Transport System

Sl

............ N A drifts, but slope
- s is ~ stable.
—> Feedback on A

R. Michaels, Jlab
HUGS Lecture



Intensity Feedback

Electron
Laser Pockels Cell // » Photocathode BCM >
Beam
' ~ Microscope

Adjustments = rose .

f or small phase Shlﬁ‘S _____ ? _____________________ G’ eedback LOO[D

to make close to D[ pockels Cell L Heticiy D s

. . . : | Voltage Control ' . Y .

circular polarization 1 Tl T
! > F/V Helicity | v pejayed Helicity '
] Generator : ‘—‘: DAQ System '
E E PITA Offset (freq) E V/E DAC E
' Helicity Control Electronics : v

0 5 Polarized Source Hall A

£

>

|-

- $)

225 °

E 5 4 N g

g} .‘.‘{-“ | ) . -

; ol T T et Low jitter and high accuracy al!ows sub-ppm

g = aning 1+ 1 cumulative charge asymmetry in ~ 1 hour

=

2 -2.5

k|

-

£ s

0 10 20 30

Minirun Number



Methods to

Perfect

Reduce Systematics

> O @ < ‘ Scanning the Pockels Cell voltage

w
(=]
(=]
o

2000
1000

o

= scanning the residual linear
polarization (DoLP)

-1000
-2000
-3000
-4000

~II[IIII[IIIII]I]I'IIII Illlllllllllll[l

A simplified picture:

Intensity Asymmetry (ppm)

Pockels cell voltage A offset (V)

Aq=-947.06 + 16.39 * x

R H R R LN qsymme'l'r'yzo cor'r'esponds to

— minimized DoLP at analyzer

A rotatable A/2
waveplate downstream
of the P.C. allows
arbitrary orientation of
the ellipse from DolLP

R. Michaels, Jlab
HUGS Lecture

o @ @

Most sensitive Least sensitive

Elli I+i ﬂll\\ Rotate by

ipses resulfing 22.5 degrees

from phase adjust >
(90 degree full cycle)




Rotatable Half-Wave Plate

minimu 1 maximum
analyzin analyzing
power power

Add A/2 plate
to minimize
analyzing
power

4000
3000
2000
1000

-1000
-2000
-3000
-4000

Electron beam intensity
asymmetry (ppm)

40 term measures
analyzing

0 20308080 700 120 140 160 180 power*DoLP (from
Rotating waveplate angle / Pockels cell)

Aq= -7.98 + -1211.75 sin (2x+ 75.52) + -3151.04 sin (4x+ 158.47)

R. Michaels, Jlab
HUGS Lecture



Beam Asymmetries

A

r

aw:A

Slopes from

det

-Ag T oAt 23.AX.

‘natural beam jitter (regression)
‘beam modulation (dithering)

Modulation Value vs. Time }7 ‘ Target x vs Time }7 ‘ Target y vs. Time }7
F P 7 \ : H ot
0.4 + - r : 0
! H 125 3 aon
4 .
oL LIl 03l a3b s L
Lol A - f | P L SR e T %
TR ee = 02 ¢ .35 S DA &
ST T i : i, I
a 0 3 A4 ’ BN
L L # " N
- L H . ¢ 4
ob 4 1.450 % :
S R SRR RV R I S R EATTRIN RV R NI NI (TR S N A ST (T S T N
78200 78400 78600 78800 79000 78200 78400 78600 78800 79000 78200 78400 78600 78800 79000

10

Dispersive Position vs Time }7

‘ Detector segment vs Tim

}7

0.6F

0.4F

020
0.4F
0.6F

-0.8F

R. Michaels, Jlab
HUGS Lecture
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1 Averaged Detector vs Time }7




The Corrections Work |

Shown : period of data during HAPPEX (4He) when beam had
a helicity-correlated position due to a mistake * in electronics.

diff_bpm4ax

0.2

X Angle BPM
0.6 i
- ¢4
0.4 i

;&i‘ﬂi#iﬂi ¢ ;H.

& HWP Out

}{'#ﬁ# * HWP In

L

With corrections

Helicity-corr. Position
1
T IIQI

diff micron
566 &
0 o BN

Helicity signal to
driver reversed

* HWP Out

* HWP In

0 20 40 60 80 100 120

Helicity signal to
driver removed

Raw ALL Asymetry

* The mistake: Helicity signal deflecting the beam through electronics “pickup”

R. Michaels, Jlab
HUGS Lecture




Final Beam Position Corrections (HAPPEX-H)

0I>(()4Anqle BPM { W\L :?iE_:EEméT
A AL
éooz{H i H} H HH
0.04iHI * o
ST
¢l T
&.‘i;{TJHLT]{ 1 ilﬂ ﬁ”
-{INRUNEI i |

R. Michaels, Jlab
HUGS Lecture

0 5 10 15 20 25 30 35 40

Beam Asymmetry Results

/

Energy: -0.25 ppb
X Target: 1 nm
X Angle: 2 nm
Y Target : 1 nm
Y Angle: <1 nm

Corrected and Raw, Left spectrometer
arm alone, Superimposed!

Total correction for beam position
asymmetry on Left, Right, or ALL

detector: 10 ppb

Spectacular results from
HAPPEX-H showed we
could do PREX.




Want multiple, redundant ways to flip the helicity.

Here, we show the “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 original
random .
\ %orientation Solenoid str.tlcal Horizontal
S gL SN 2 €N Solenoid :
R N 400 Wien

—
S
S

~ . -90
ST A
< optimized
launch
angle

—

R. Michaels, Jlab
HUGS Lecture



HAPPEX achieved 3 ppb Helicity Correlated Beam Systematics

* Corrections tiny (here, 3 ppb)

- Errors are statistical only

:IIII IIII|IIII|IIII|II #Pairs=253M
1 “5'5_ RMS = 538 J
10° =
10°g E
10°E I
0= E

- HAPPEX-II data .

1 E Lll L1l I L1 11 I L1 11 | L1 11 | L1 11 | L1 1

-4000 -3000 -2000 -1000 0 1000 2000 3000 4000

Uncorrected Detected Asymmetry (ppm)

R. Michaels, Jlab
HUGS Lecture

Asymmetry (ppm)
- O a N W

oo
WN

Parity Violating Asymmetry

: H :mﬁm
p”mﬁmjw
R

Slug (~1day)
A,,w=-1.58 ppm = 0.12 (stat) + 0.04 (syst)

(HWP = optical element used to flip
beam helicity, helps suppress some
systematics)




Dl _ Bj There may be helicity-correlated
QJ; Q). transients in the beam.
A= D Dj « D& Q may have different time
— | + | < constants in response to transients.
QJr Q). « D may be non-linear in Q.
D = Detector Q= Charge in same
signal time interval

Detector signal

R
~—

wait integrate wait

R. Michaels, Jlab
HUGS Lecture



Beam Polarization

Aneasured :/Aphysics X F')<

Want to Polarization of electrons,
extract this typically 0.9

Measure P, through

« Compton Scattering € —y
e

Moller Scattering

Mott Scattering (not discussed)

R. Michaels, Jlab
HUGS Lecture



Compton Polarimetry e -7

beam laser

Electron
Detector

Dipole

Scattered
Fabry-Perot
Optical Cavity

AAAVATAVAVAVAVAVAVAY -
Backscattered/
Photons

1. Laser system: 1 W drive laser coupled to high gain Fabry-Perot cavity 2>
several kW intracavity power

2. Photon detector: GSO crystal for low energies, or lead-tungstate for high
energies.

3. Electron detector: silicon strip detector, 240 um pitch, 192 strips/plane

R. Michaels, Jlab ,
HUGS Lecture Jeff;?son Lab

DThomas Jefferson National Accelerator Facility
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Compton Polarimetry

1%-level Compton polarimetry has been achieved with Hall A Compton
at ~ 1 GeV (PREX) and ~ 3 GeV (HAPPEX-II)

Aneasured — I:)e P;/ Along

AMM;

290 Me\

Known exactly
from QED

5 MeV

| 1 | | | | | | 1

0 01 02 03 04 05 06 0.7 08 09 1

max
p=E‘/ET

R. Michaels, Jlab 7
HUGS Lecture é?
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Compton Laser System

¥ N’

Cavity, where collisions occur
e L3
Mce
Me® P__
- |2
e \/4
PBS .—b
e IR dump
Yitterbium 532 nm - . I / Mr1l
FiberAmplifier DC2
FOI L1 A2

ML Vi Orwing by A Rakhman

Measure .

R. Michaels, Jlab
HUGS Lecture

OThomas Jefferson National Accelerator Facility



Recent Compton Data with 11 GeV Beam
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R. Michaels, Jlab

HUGS Lecture

Unpolarized Compton Spectrum

- - —4— Unpolarized Compton Data i
— Unpolarized Fit .
E Vertical fit sealing is = 0.000377 ‘—_‘
- Horizontal fit scaling is = 0.000054 [
: Horizontal fit offset is = 331.11
B 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 | 1 1 I 1 1 I 1 1 | 1 1 | 1 1
0 7000 4000 5000 BOOO 10000 12000 14000 16000 1000 20000
Compton Asymmetry Spectrum
— —+— Comptan Asymmetry Data
= ——  Asymmetry Fit
Z_ Beam Polarization = -0.882657
— Polarization error = 0.000000
= Horizantal fit sealing is = 0.000054
= Horizontal fit offset is = 331.11
T + +H_
+++ﬁpf+_r||++11'+" -----
= l l | l | | l | JLH# ]l|} H”
¢ mooo 4000 G000 B000 70000 75000 73000 5000 @006 20000

Figure courtesy Alexa Johnson

Jeffé?son Lab

DThomas Jefferson National Accelerator Facility



PREX
data Compton Polarimeter in PREX-I

el

PO = 87.41014 £ 0.11617, A __= 109
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Moller Polarimeter c-¢
beam Electrons in
. - 5 an iron foil
: 40 ¢ o1 0 03 a4 *g?' (a) in a strong
20 ?’?'I_S % Dipole non-scattered B field
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5T MAGNET

N

chiller

Superconductive magnet:
Maximal field £5T

The iron foil targets sit in this
field and become sping-polarized.

R. Michaels, Jlab
HUGS Lecture
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NEW POLARIZED ELECTRON TARGET

Hall A High-Field Moller Target Motion Control
Linear

R t
MotorReadback(mm)_ Encoder (v) ERIER!

Paosition (mm) 0 43,444 80.265 117.483 155.295
Encoder (v)  3.025 2.364 1.813 1.251 0.680

e

Fetracted - - - - - Extended
[p] e

[]
Pasition Input {mm) Jog (mm) IE‘
I
Rotary
hotor Readback (degree) Encoder (v)
Position (degree) -5.42B -0.200 12.865
Encoder [v) 4150 4558 5,206
-Limit C +Limit
] s
0.000
0112 m
! 4 A ‘ 7] : Position Input (degree]  Jog (degree) E
. d I ‘EMPLE Designed and made by Temple University
; ; : o
Sl UNIVERS ITY Rotation in _horlzontal p_lane +10
\ertical translation
R. Michaels, Jlab Targets in holder: pure iron Zgm, 4um, 12um, 25um
HUGS Lecture

x _geffe20n Lab .TNE.MELTE 0. Glamazdin
et

Status of the Hall A Moller Polarimeter

PREX Collaboration 26 February 2016 7



MOLLER SYSTEMATIC ERROR BUDGET

Variable 2010 (3.7T) PREX (2017)
Target polarization 0.35% 0.25%
Analyzing power 0.3% 0.2%
Levchuk effect 0.3% 0.2%
Target temperature 0.02% 0.02%
Dead time 0.3% 0.05%
Background 0.3% 0.2%

High beam current* 0.2%* 0.2%
Others 0.5% 0.3%
Total 0.87% 0.53%

Thanks, Sasha Glamazdin

R. Michaels, Jlab
HUGS Lecture

Jeff;?son Lab

DThomas Jefferson National Accelerator Facility



Returning to ... PREX Asymmetry

(Pe X A)

dit det_all

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

ppm

0.5
0
-0.5

R. Michaels, Jlab
HUGS Lecture

HWP OUT/Wien L A=-0.566 +/- 0.095 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 ,f= 1.00, P=0.50

a8 + ] }—%HTH'}%H—
_ s |
i5' ~20 25 30 35 40



Asymmetry leads to RN Establishing a neutron skin at ~95% CL

Neutron Skin = Ry - R, = 0.33 +0.16 -0.18 fm

08 I | T [ T [ T [ T [ T
[ R =R i
n<> P
0.75r ]
SI
| 7PREX-I |
g 07k FSU i published a
> |
g, P - PREX-II =
LL< _______________ pro;IJ_Ofizc_i _________ Spokespersons
0.651 K. Kumar
! R. Michaels
' - NL3mOS 500
06 B : G. Urciuoli
(& | | | | | | | | | .
54 | 55 5.6 5.7 5.8 5.9 6
R R_(fm) Also will do C-REX
E on 4Ca

http://hallaweb.jlab.org/parity/prex



PREX/CREX : Summary

* Fundamental Nuclear Physics with
many applications

e PREX-I achieved a 9% stat. error in Asymmetry
(original goal : 3 %)

e Systematic error goals already achieved.

e PREX-Il and C-REX to run back-to-back,
possibly iNn 2018 (being decided now)

R. Michaels, Jlab
HUGS Lecture http://hallaweb.jlab.org/parity/prex
Jefferson Lab

elerator Facility



Extra Slides

R. Michaels, Jlab )
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momentum distribution

q0' - —— dPIP (%) = 1.64
—— deiR ) =387

—— dPIP (%) = 6.89
dP/P (%) = 9.66
—— dPIP (%) =12.75
dP/P (%) = 15.82

cutoff

102

t of event 0.001/per bin

10?

104

10°®

108 =1

P (GelV/C)

Run magnets up :
measure probability
to rescatter

No inelastics observed on
top of radiative tail. Small
systematic for tail.

R. Michaels, Jlab
HUGS Lecture

Detector

oy boon Al

1.05 1.1

i
1.15

Backgrounds
into the detector ?
Run magnets

down: measure
inelastic region

File Edit ¥iew Options Inspect Classes

that might re-scatter

Help

L-HRS PO scan : Relative Rates
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Detector Package in HRS
PREX Integrating Detectors

UMass / Smith

4 )

DETECTORS N
. D
N
{'\\Q_h,-"
&
<O
IO .".'
el
<0 PMT |
[~ PMT]|
TOP of VDC BOX | S |
[VDC2
Q_;\\\ Traﬁsport z at detl location
U's)
B T e T T LT s T 1
CIOVD O IIIIoIIIIIIIIIIIIIIIIIIIIIIIIIII oI oI oI oTIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE 1z "
Transport z=0

R. Michaels, Jlab
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Lead / Diamond Target

« Three bays

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

e Liquid He cooling (30 Watts)




Performance of Lead / Diamond Targets

Rate vs Time (days)| THIN Diamond

1
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Targets with thin diamond
backing (4.5 % background)
degraded fastest.

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

—> Solution:

Run with 10 targets.



Systematic Errors

Absolute
(ppm)

Polarization (1)

Beam Asymmetries (2)
Detector Linearity
BCM Linearity
Rescattering
Transverse Polarization
Q> (1)

Target Thickness

2C Asymmetry (2)
Inelastic States

TOTAL

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

R. Michaels, Jlab
HUGS Lecture

PREX-I Result

0.0083
0.0072
0.0076
0.0010
0.0001
0.0012
0.0028
0.0005
0.0025
0

0.0140

Relative
(%)

1.3
1.1
1.2
0.2
0

0.2
0.4
0.1
0.4
0

2.1

Physics Asymmetry
A = 0.656 ppm
+ 0.060(stat) = 0.014 (syst)

- Statistics limited (9% )

- Systematic error goal
achieved ! (2%)



Percent Error in R_N vs Energy (Calcium Isotopes)

= - - After PREX ...
e Ca48 o
"] caso Other
DA') |
- ™
- { ]
B
. Re o 4 Nuclel ?
B . e
o e Surface and Shape Dependence ?
1 o ., : thickness
- ....'o o8
- *e, ®esen :'.
B | | | ....I. | | each point 30 days
o5 1 15 2 25 3
E (GeV)
Percent Error in R_N vs Energy (Tin Isotopes)
- - . ® Sn120
% o ® Sni24
Parity Violating Electron Scattering 0 . Sn 112
Measurements of Neutron Densities - Ry ) . !
Shufang Ban, C.J. Horowitz, R. Michaels i . Su.r ace
- 8" o, thickness
J. Phys. G39 014104 2012 i g . - o
L ]
] P
1 " : LA
- 8s §e ¢
R. Michaels, Jlab = V
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Possible W

Future S\
\ L RN L

Program ? AN g

Each point 30 days stat. error only

e L coen L /n |_ommen
1%

208pp PREX-Il (approved by
Jlab PAC, Arating)

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 Not
tin isotope 1.8 0.6 % apply to heavy ion "~ proposed
tin isotope 2.6 1.6 % surface thickness _

R. Michaels, Jlab

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



Pull Plot
(example)

10

PREX Data

Entries 241
Meamn 00T 535
RMS 0.9983
Lhndia ol v i
Orverflow (1]
3* 1 i 1238112
Constant BT E32
Mean 0.02855 + 0.06378
Sigma 00461 + D.MD

1
o

-4

R. Michaels, Jlal
HUGS Lecture
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Corrections to the Asymmetry are
Mostly Negligible

e Coulomb Distortions ~20% = the biggest correction.
o Transverse Asymmetry (tobe measured)

e Strangeness \
« Electric Form Factor of Neutron
« Parity Admixtures

« Dispersion Corrections

« Meson Exchange Currents _
Horowitz, et.al. PRC 63 025501
« Shape Dependence
« Isospin Corrections
« Radiative Corrections

o Excited States

o Target Impurities j

R. Michaels, Jlab )
HUGS Lecture Jeff;?son Lab
OThomas Jefferson National A

ccelerator Facility



Optimum Kinematics for Lead Parity: E= 1GeV if =5

O
o2

10

—0.03

R. Michaels, Jlal
HUGS Lecture

<A>= 0.5 ppm.
208Pb

Cross Section
at E =0.85 GeV

0.2

04 08
q (fm )

Sensitivity
toR n

Accuracy in Asy 3%

Asymmetry

Fig. of merit

Min. error in Rn

maximize:
—> FOM x&*

1 month run

—> 1% In Rn

(2 months x
100 uA

- 0.5% if no
systematics)



