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Motivation

Motivation

How nucleon properties are affected by the nuclear
medium?
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Coulomb Sum Rule

Inclusive electron scattering
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Figure 1: Inclusive (e, e′) scattering
where only the final electron is
observed

Figure 2: Nuclear response function
for the inclusive electron scattering off
nucleus or nucleon
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Coulomb Sum Rule

Elastic Scattering
Rosenbluth cross section

Elastic scattering of electrons off the free nucleon
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Coulomb Sum Rule

Quasi-Elastic Scattering

Elastic scattering of electrons off the moving nucleons
inside the nucleus
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RL(q, ω) Longitudinal Response Function
RT (q, ω) Transverse Response Function
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Coulomb Sum Rule

Separation of RL and RT

Separation of the two response functions
Measure cross sections at least two different angles
keeping −q2 constant

RL = q4

Q4σM

1
(εf−εb)(εf σf − εbσb)

RT = q2

Q2σM

2εf εb
(εf−εb)(σb − σf )

forward angle (f) σf εf

backward angle (b) σb εb
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Coulomb Sum Rule

Estimation of Accuracy of RL and RT
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Ratio of longitudinal and transverse virtual
photo-absorption cross section

∆ε = εf − εb = 0.85 At JLab

∆ε < 0.5 Previous Experiment
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Coulomb Sum Rule

Coulomb Sum Rule

Integrate the quasi-elastic RL(q, ω) over the full range of
energy loss ω at large enough three-momentum transfer
|q| = q

SL(q) =
1
Z

∫

∞

ω+
el

RL(q, ω)

G̃2
E

dω = 1 (3)

Nucleon charge form factor:

G̃E(Q2) = ([Gp
E(Q2)]2 + (N/Z )[Gn

E(Q2)])1+Q2/4M2

1+Q2/2M2



Introduction Coulomb Sum Rule Experiment (E05-110) at JLab Hall-A Summary

Coulomb Sum Rule

Saturation/Deviation of Coulomb Sum Rule

Saturation of the Coulomb Sum
SL(q) → 1 at the sufficienlty large q
Deviation of the Coulomb Sum

at small q
Pauli blocking
Nucleon-nucleon long-range correlation

at large q (≫ 2KF )
Short-range correlation < 10%

Modification of the free nucleon
electromagnetic properties inside the
nuclear medium

One of the long-lasting questions in
nuclear physics

Figure 3: Saturation and
Deviation of Coulomb
Sum Rule
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Brief History

Overview

Comprehensive measurements of the Coulomb Sum at
various labs for over 20 years

Limited range in q and ω

At Bates(MIT) and Saclay ALS(France) q ≤ 550 MeV/c
At SLAC(Stanford) q = 1140 MeV/c



Introduction Coulomb Sum Rule Experiment (E05-110) at JLab Hall-A Summary

Brief History

Previous Measurements

Figure 4: SL obtained in the EMA as a function of qeff using Saclay
data combined with SLAC NE3 and Bates data. The 56Fe SLAC NE9
result right cross and that of the Jourdan analysis (star) are also
shown.
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Jefferson Lab

JLab Accelerator

Commissioned in early 1990s,
first experiment in 1994

High luminorsity electron
beam:1039cm−2s−1

High density target

Maximum current 200 µA

The gain of each linac is
adjustable
400MeV/c∼600MeV/c,
Maximum Energy 6 GeV
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Jefferson Lab

JLab Hall A
High Resolution Spectrometer(HRS)
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Jefferson Lab

Hall A Beamline and Spectrometers

ARC: Beam
energy

eP : Beam energy

BCM: Beam
charge

Raster & BPM:
Beam position
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CSR Experiment at JLab Hall A
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CSR Experiment at JLab Hall A

Scattering Angles 15◦, 60◦, 90◦, 120◦

compromise between counting rates and lowest Momentum
setting
two more angles at 60◦, 90◦, equally spaced ε⇒ improved
systematic uncertainties

Beam Energy 0.4 to 4.0 GeV

Range of q∼ 550MeV/c to 1000MeV/c

Targets 4He, 12C, 56Fe, 208Pb
study A or density dependent effect
study of Coulomb corrections (small for 4He or 12C, but
large for 208Pb)

Scattered Energy covers complete range of QE peak and
beyond
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CSR Experiment at JLab Hall A

Kinematic Coverage

Figure 5: CSR experiment kinematic coverage
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CSR Experiment at JLab Hall A

Data info

Dates: Oct. 23, 2007 -Jan. 16, 2008

Data taken: about 3TB over 7000 runs

Many kinematic setting,frequent changes of the target and
spectrometer momentum
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CSR Experiment at JLab Hall A

Background reduction

Electrons reflected inside the spectrometer
Source of background at low energy backward angle

Reduction of the background

Careful geometry cut at the focal plane
Independent energy measurement of the electrons using
NaI detector
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CSR Experiment at JLab Hall A

Installation of NaI detector

3 boxes
each box: 9×10 crystals
each crystal:
2.5in×2.5in×12in

Figure 6: Installation of NaI detector
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CSR Experiment at JLab Hall A

NaI Performance
Run 3925, E=739MeV, P=539MeV/c, 60◦, Carbon Left
Run 3813, E=739MeV, P=121 MeV/c, 120◦, Lead
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After Calibration

539MeV 5.1% resolution
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Figure 7: After calibration for middle
box
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box
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CSR Experiment at JLab Hall A

Data and Simulation by Snake/Geant3 and Geant4
Run 3925, E=739MeV, P=539MeV/c, 60◦, Carbon Left

Figure 9: Geant4 simulation for NaI
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thit==1&&L.s2.nrthit==1&&L.cer.asum_c>350&&L.cer.asum_c<1500&&L.tr.n==1&&abs(L.gold.dp)<0.03&&abs(L.gold.th)<0.04&&abs(L.gold.ph)<0.02&&L.CSRBox2.trx>-0.3&&L.CSRBox2.trx<-0.15&&L.CSRBox2.try>-0.15&&L.CSRBox2.try<0.15}

Figure 10: Comparison between
simu(color) and data(black)
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CSR Experiment at JLab Hall A

Data and Simulation by Snake/Geant3 and Geant4
Run 3813, E=739MeV, P=121MeV/c, 120◦, Lead

Figure 11: Geant4 simulation for NaI
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hit==1&&L.s2.nrthit==1&&L.cer.asum_c>350&&L.cer.asum_c<2000&&L.tr.n==1&&abs(L.gold.dp)<0.03&&abs(L.gold.th)<0.04&&abs(L.gold.ph)<0.02&&L.CSRBox2.trx>-0.3&&L.CSRBox2.trx<-0.15&&L.CSRBox2.try>-0.15&&L.CSRBox2.try<0.15}

Figure 12: Comparison between
simu(color) and data(black)
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CSR Experiment at JLab Hall A

Optics analysis
Run 4057, E=739 MeV, P0=735.1 MeV/c, 23◦, Optics target
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Figure 13: Original ReactZ
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Figure 14: Final ReactZ
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CSR Experiment at JLab Hall A

Optics analysis
Run 4057, E=739 MeV, P0=735.1 MeV/c, 23◦, Optics target
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Figure 15: Original Theta_tg vs Phi_tg
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CSR Experiment at JLab Hall A

HRS momentum calibration

Using N(e, e′)N(∗)

P0 > 450 MeV
BNMR −→ P0

P0 < 450 MeV
BHall −→ P0



Introduction Coulomb Sum Rule Experiment (E05-110) at JLab Hall-A Summary

CSR Experiment at JLab Hall A

Preliminary result with no radiative correction
E=739 MeV, θ = 60◦

Figure 17: Cross section for different target
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CSR Experiment at JLab Hall A

Preliminary result with no radiative correction
E=739 MeV, θ = 60◦

Figure 18: Cross section for different target
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CSR Experiment at JLab Hall A

Expected Error

Figure 19: Comparison of expected statistical uncertainty on the
Coulomb Sum from Jefferson Lab with the world data. Horizontal
band represents estimated systematic uncertainties



Introduction Coulomb Sum Rule Experiment (E05-110) at JLab Hall-A Summary

Summary

New features of Jefferson Lab CSR Experiment
High enough momentum transfer, previously unexplored
Comprehensive single experiment

Largest lever arm
Measurement at 4 angles

Independent energy measurement for background
reduction (NaI)

Analysis in smooth progress

Will settle the long-standing issue of CSR quenching

Shed light on modification of nucleon properties in nuclear
medium
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Coulomb Sum Rule (E05-110)
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