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EOS of neutron rich matter
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Cold infinite nuclear matter equation of state
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e Similar to the ideal gas law the
nuclear EOS gives the pressure
inside nuclear matter as a function
of energy density

02 03 0.4 05 o6 e Historically separated into

Baryon density (fm-3)

symmetric nuclear matter (p=n) and

corrections
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* The slope of the symmetry energy (L)
is a critical parameter



EOS of neutron rich matter
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* Using the EOS one can relate
phenomena at vastly different
scales
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Different systems: same EQOS
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Different systems: same EQOS

Farrukh J. Fattoyev - Jan 24 2018 JLab seminar
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e While the 2%8Pb nucleus and a neutron star are separated by 18 orders
of magnitude in size they are largely made out of the same stuff and
obey one equation of state (EOS)
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Getting L (the slope of symmetry energy)
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* Encoding the world knowledge on
nuclear matter in the currently available
models that describe them we can catch
a glimpse of the underlaying correlations
between different parameters and
observables

* The neutron skin of lead-208 (and Ca-48)
and the density dependence of the
symmetry energy show a tight
correlation
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Getting L (the slope of symmetry energy)
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J. Piekarewicz, 2403.16154v1 * The neutron skin shows a similarly tight
correlation to the parity violating
asymmetry in electron scattering
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What are we looking for?
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* The excess neutrons in 2%8Pb are thought to form a skin on the outside of the

nucleus

* Similar to how the Fourier transform of the electromagnetic form factor gives

charge density so too measuring the weak form factor can give the weak
distribution
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6 ppm
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* The numerator is dominated by the gamma-Z interaction which picks up (almost
exclusively) the weak charge of the neutron

* The denominator contains the parity conservinﬁ electro-magnetic interaction

which is several orders of magnitude stronger than the electro-weak interference
term

e This leads to very small asymmetries that are on the level of parts-per-million
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Selecting the targets

Nuclear Landscape

.ggt?egon Lab
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* Doubly magic nuclei

* Pb-208 provides a target that
is as close as we can get to
infinite nuclear matter

 Theoretical corrections and
uncertainties are small

* Ca-48 provides a somewhat
different regime while
retaining some of the
theoretical cleanliness of lead
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Magnet package

elastic
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I Septum 01 Q2 Dipole

need septum to “pre-bend”

* The high resolution spectrometer (HRS) allows us to
magnetically cleanly separate elastic and inelastic events

* The septum magnet provided the additional ~8 degree
bend into the first set of Quads

* The acceptance defining collimators physically allow an area only
as big as your palm
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Statistics

PREX — 208-Pb
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* Detector rate: 50MHz
* Asymmetry: 2 ppm
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Statistics

PREX — 208-Pb
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* Both experimental widths
are dominated by counting

statistics after corrections

",
JeffersSon Lab

Ciprian Gal

CREX —-48-Ca
10°
- If’ﬁ A o =7/75ppm
10° k [\ 30Hz, 150pA
. [ '.I 56MHz (2 arms)
10° = |II I|
= | |
S | ,
10° ' I|
=~ 300 million helicity/flips |
10° &= ™~ 80 million qua rtetflr I|||I
10 e ( M
1=
. ” L] i

-20000 IE-III'ZI 1'3001} =5000 5000 1-IJCIUD IE-I}IJCI EEHJCIU

Apv= Rradcorr Raccept Rg2

ﬂ[PPm]

Acorr—PL ZifiAi
PL(l—Zifi)

13



Systematics

PREX — 208-Pb

TABLE I. Corrections and systematic uncertainties to extract
ABy* listed on the bottom row with its statistical uncertainty.

CREX - 48-Ca

TABLE I. Apv corrections and corresponding systematic un-
certainties, normalized to account for polarization and back-
ground fractions.

Correction Absolute [ppb] Relative [%)]
Beam asymmetry —60.4 £ 3.0 11.0 £ 0.5 Correction Absolute [ppb] Relative [%]
Charge correction 20.7 4+ 0.2 3.8+ 0.0 Beam polarization 382 + 13 14.3 + 0.5
Beam polarization 06.8 £ 5.2 10.3 £ 1.0 Beam trajectory & energy 68 + 7 2.5 +0.3
Target diamond foils 0.7+ 1.4 0.1 £0.3 Beam charge asymmetry 112 + 1 4.2 4+ 0.0
Spectrometer rescattering 0.0 £ 0.1 0.0 = 0.0 Isotopic purity 19 + 3 0.7 + 0.1
Inelastic contributions 0.0 £ 0.1 0.0 £ 0.0 3.831 MeV (27) inelastic -35+19 —-13=£0.7
Transverse asymmetry 0.0 + 0.3 0.0 £ 0.1 4.507 MeV (37) inelastic 0+ 10 0+ 04
Detector nonlinearity 0.0 £ 2.7 0.0 £ 0.5 5.370 MeV (37) inelastic —24+14 —-0.1 = 0.1
Angle determination 0.0 + 3.5 0.0 & 0.6 Transverse asymmetry 0+ 13 0£05
Acceptance function 0.0 £ 29 0.0 £ 0.5 Detector non-linearity 0+7 0+0.3
Acceptance 0+ 24 0+0.9
Total correction 17.7 + 8.9 3.9 + 1.5 Radiative corrections (Qw ) 0+ 10 0+ 0.4
Total systematic uncertainty 40 ppb 1.5%
B3+ and statistical error 550 &= 16  100.0 £ 2.9 Statistical uncertainty 106 ppb 4.0%

* The parity violating asymmetry uncertainties are

dominated by statistics
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Results — weak form factors

PREX — 208-Pb CREX - 48-Ca

Apv = 2668+106 (stat)+40 t) ppb
AR = 550 £+ 16 (stat.) £ 8 (syst.) ppb i (stat) - (syst)pp

Fiw ((Q%) = 0.368 & 0.013 (exp.) = 0.001 (theo.). Quantity ~ Value + (stat) + (sys)
Fw(g)  0.1304 + 0.0052 £ 0.0020

* The extraction of the weak form factors has minimal
theoretical uncertainty

Jefferson Lab



Results — weak form factors

PREX — 208-Pb CREX - 48-Ca

Apyv = 26681106 (stat)=+40 t) ppb
APV = 550 £ 16 (stat.) =8 (syst.) ppb oV (stat)=+40 (syst)pp

Fiw ((Q%) = 0.368 & 0.013 (exp.) = 0.001 (theo.). Quantity ~ Value + (stat) + (sys)
Fw(q) 0.1304 £ 0.0052 £ 0.0020
0-06EI""""'I""""' PEETTEETE """"'I"""]""""‘ AR RLLEN LR
* The extraction of the weak form factors o
e . . . ol 0] 4
has minimal theoretical uncertainty el 6% vov s
: @ m3 ]
* The current models can’t seem to be S 0.04F o%,__,.’:r-w-m ------
able to describe both of these results O i
'20.03 0 SI %0%:
i3 © ! b
0.02 e 4
0.01; ......... Liaasonaralosssss brtrrrrrrrrefrerrrrrrtrred o beeeniaa ooy T
0 001 0.02 0.03 004 0.05 006 007
F_-F,, (" Pb)
Jeffggon Lab Ciprian Gal 16



Results — neutron skins

PREX — 208-Pb CREX - 48-Ca

ABY® = 550 + 16 (stat.) £ 8 (syst.) ppb

Fiw ((Q%) = 0.368 & 0.013 (exp.) = 0.001 (theo.). Quantity ~ Value + (stat) + (sys)

Fw(q) 0.1304 = 0.0052 < 0.0020

* While we could experimentally significantly improve the Pb-208
result the Ca-48 needs additional theoretical understanding in the
extraction of the neutron skin

Ry = 5.795 £ 0.082 (exp.) = 0.013 (theo.) fm Quantity Value + (exp) + (model) [fin]

Rw — Ren 0.159 £ 0.026 £+ 0.023

R, — R, =0.278 £ 0.078 (exp.) = 0.012 (theo.) fm. R, — R, 0.121 + 0.026 + 0.024

Jefferson Lab Ciprian Gal

Apy = 26684106 (stat)=+40 (syst)ppb
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Impact on EOS

* A recent Bayesian analysis by
Koehn and collaborators relied
on the neutron skin extraction
to look at the slope of the
symmetry energy

* The results show a significant
region of overlap in the
posterior distributions in spite
of the theoretical uncertainties
for the Ca-48 result

Jefferson Lab
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Conclusions and future

P(e) VW-Beetle Equation of State

Heavy J. Piekarewicz, 2403.16154v1
NICER <+ Pulsars PQCD

 The neutron rich EOS determined from
both terrestrial and heavenly
measurements bears an uncanny
resemblance to a VW-Beetle

. D _—
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Conclusions and future

P(e) VW-Beetle Equation of State

J. Piekarewicz, 2403.16154v1
Heavy pQCD

NICER + Pulsars

* The next measurements of Pb-208

promises to improve statistical precision 0 30 ??M % 120 150
by d fa Ctor Of 2 J. Piekarewicz, 2403.161g4v1e

 still above the theoretical uncertainties even
for the extraction of the neutron skin

,g_e_ff.ggon Lab Ciprian Gal 20



Backups

Jefferson Lab
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PREX-2 PREX CREX

. . s T -
A: puzzle naive suggestion ; i :
0: . - 1 | i
e i 1 i
(o Taget  Aa(ppm)  AZE® (ppm) AnAZZ & Q95GeV T 218GeV, ]
095  12C —6.34+0.4 < Tt i T
095 %Ca  —61+0.3 } R [ - ; ’ T .
0.05  205ph 0.4+0.2 21 o b [t7°C tPCa T \*#:::;
C [Y*%Ca $2%pp T i
* The lead results are in fact positive (by 2 005 010 015 020
sigma) Q (GeV)
. . Pb208 results suggest there are missing
* One p055|ble.explanat|on would be that contributions that are not accounted in the
another physics process produces a existing theoretical models

transverse asymmetry with the opposite sign
as the TPE that is present in high Z (or A)
nuclei

* We are in touch with theorists exploring this
possibility

Jefferson Lab



Projected results

, t
— M. Gorchtein
—— + Z?%fscaling ]
4 HAPPEX and PREX
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2t
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* TPE calculations suggest 6-7 ppm

asymmetries for all targets at the
proposed kinematics

Empirical determination of

asymmetry subpression assuming Z2
corrections (https://arxiv.org/pdf/2111.04250)

Ap = Ag(Q)(1—C-Z%a)

Lack of data for Z > 40 makes it
almost impossible to test models for
the missing contributions

The precision proposed in this
experiment will allow studying the
nuclear dependence of the
asymmetry
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Accelerator/Experimental overview

Injector
pomrce
specialized ) GaAs
optics
laser T T~
100 kV
@’ pogkels cell
polarized
electrons
Accelerator
alf-wave plate ‘
e CEBAF is the ONLY operating facility in the world
where such an experiment could be attempted
Jeﬁggon Lab Ciprian Gal 24



Accelerator/Experimental overview

Injector laser setup crucial
towards minimizing beam
asymmetries

Pockels cell allowed us to
flip the electron helicity at
120 or 240 Hz

Half Wave Plate allowed
us to independently flip
the laser polarization
every few hours

-2 o
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Accelerator/Experimental overview

Injector laser setup crucial Double Wien allowed us to

towards minimizing beam further electromagnetically
asymmetries \ flip the electron beam

helicity every few weeks

Pockels cell allowed us to
flip the electron helicity at
120 or 240 Hz

Half Wave Plate allowed
us to independently flip
the laser polarization
every few hours

2 o
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Accelerator/Experimental overview

Injector laser setup crucial

towards minimizing beam
asymmetries \

Double Wien allowed us to
further electromagnetically
flip the electron beam
helicity every few weeks

Pockels cell allowed us to
flip the electron helicity at
120 or 240 Hz

Half Wave Plate allowed
us to independently flip

Beam monitors allowed for
injector setup with small
beam asymmetries

\ Mott polarimeter confirm
high beam polarization

the laser polarization
every few hours

2

JeffersSon Lab

Ciprian Gal
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Accelerator/Experimental overview

Injector laser setup crucial
towards minimizing beam
asymmetries

Pockels cell allowed us to
flip the electron helicity at
120 or 240 Hz

Double Wien allowed us to
further electromagnetically
flip the electron beam
helicity every few weeks

Half Wave Plate allowed
us to independently flip
the laser polarization
every few hours

Beam monitors allowed for
injector setup with small
beam asymmetries

\ Mott polarimeter confirm
high beam polarization

Beam monitors allow us to
determine beam properties
in front of the target

Polarimeters allow us to
monitor polarization and
check machine setup

Beam modulation system
allows us to span the phase
space of beam motion

Ciprian Gal




Injector setup

* The GaAs strained cathode acts as
an analyzer and produces negative
and positive helicity electrons with
approximately 90% polarization

* The system relies on a Pockels Cell
to produce quick changes between
opposite circular polarization states

* Imperfections between the two
polarization states will lead to beam
asymmetries

e Careful setup and constant monitoring
is needed to mitigate any changes in
the accelerator setup that introduce
such asymmetries

Jeff;gon Lab

conduction band

-1/2 1/2

circularly

polarized R
NN >

GaAs I E, =143 eV
780 - 850 nn‘}‘ i
-3/2 valence band 3/2
Ektrain= 0.05 eV
-1/2 +1/2 T
Laser Linear Insertable

Halfwave Pockels Cell

Plate

Light Polarizer

GaAs
Photocathode

+\/4 retardation
produces tcircular
polarization
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Injector setup

* The GaAs strained cathode acts as an
analyzer and produces negative and
positive helicity electrons with
approximately 90% polarization

* The system relies on a Pockels Cell to
produce quick changes between
opposite circular polarization states

* Imperfections between the two
polarization states will lead to beam
asymmetries

e Careful setup and constant monitoring is
needed to mitigate any changes in the
accelerator setup that introduce such
asymmetries

* The double Wien allows us to change
the helicity of the electron beam
completely independently of the
laser flips

2
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2 ,«-"'/‘\ J4 a 2. Vertical Wien filter
o ) 1249

an conduction band

circularly
polarized R

1/2 T

GaAs}) E, = 1.43 eV
780 - 850 lll'lJ" l
-3/2 valence band 3/2

Estrnin= 0.05 eV

-1/2 +1/2 T

5. Horizontal Wien
filter used normally,
but includes 90° offset

4, Finally, Flip- Left or
Flip- Right is achieved

Double-wien

3. Two spin solenoids do the
flipping, each adding £45°

precesses spin 90° to Vertical

1. Spin is longitudinal
from Gun

Ciprian Gal
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Polarimetry: Mgller dobocior

~~~~~~~~~~~ Mdoller

-
- -
- -~
o, A .

~~~~~~ stripe

* Low-current, invasive measurement

e 3-4T field provides saturated
magnetization perpendicular to the foil ¢-aperture

* Redesigned for 11 GeV quadrupoles

runnin
g Helmholtz

* The challenge for PREX-2 was determining a
magnetic configuration that would allow for high

e-beam foil precision and sensitivity to systematic effects
. * Polarimeter runs were taken approximately every
Average polarization: week and established no significant fluctuations in
(89.7 + 0.8)% beam polarization over the course of the run
. fthe f * While still under review the Compton polarimeter
Onle o tt_e ew sub percergt ‘ analysis showed similar consistency of the run from
polarization measurements a data taken concurrently with the main experiment

Jefferson Lab

c 2 o
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Shielding redesigned since PREX-1

* The experimental hall provides unique challenges
for a high luminosity, high Z, low energy experiment

* Large angle scattered electrons need to be stopped
close to the target and that region needs to be
heavily shielded

* Electronics inside the hall need to be protected from |
both the electromagnetic and neutron radiation
damage that will stop it from functioning properly

' il

kyshine shield

Design turned
into reality

\ '\-——-"";‘ L |

4 HRS Quad1 [GSSe

L =
; | ///
K |
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208ph Target

3400

PREX-1 target end-of-life
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Expected beam heating power: 72 W

* PREX-1 confirmed that the poor thermal conductivity of

Pb will eventually lead to the breakdown of the target 80
* Even though we provide Carbon (Diamond) backing to
increase heat flow &0
* For PREX-2 we prepared a complement of 10 isotopically 5

40

pure targets in the expectation that we will use
approximately 6

e Simulations predicted approximately 72 W of power
deposition from the 70 YA rastered beam

20
**Simulation by Silviu Covrig

o 11 | | (T S I i & I L1 1 l [ (T I S P I = ) | I L1 1 l ) pw! K l 1
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
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