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Nucleon Radius and Neutron skin

Nucleon Radius comparison

A qualitative feature of fundamental importance of nuclear
structure in heavy atoms is that the radius of neutron is
assumed to be 0.25 fm more than proton radius, this is known
as neutron skin.

Neutron skin is never measured cleanly in stable nucleus.

Proton

The proton radius is measured cleanly in the spectroscopy of
munoic atoms.
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Nucleon Radius and Neutron skin
Why measure the matter form factor? 

• Our knowledge of the shape of stable nuclei is presently incomplete

Relativistic mean field

Skyrme HF

e.g.  208Pb  RMS charge radius accuracy < 0.001 fm 
RMS neutron radius accuracy ~0.2 fm !! 

Horowitz et al. PRC63 025501 (2001)
Piekarewicz et al. NPA 778 (2006)
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Nucleon Radii in heavy nuclei

Measurements are important to understanding the strong
nuclear force

Calculations are difficult due to non-pQCD regime
complicated by many-body physics

Interesting for:

Fundamental nuclear structure
Isospin dependence and nuclear symmetry
Dense nuclear matter and NEUTRON STARS

Proton radius is relatively easy - electromagnetic probes

Neutron radius is difficult

Weakly couples to electroweak probes
Hadronic probes have considerable uncertainty
Theory has range of Rn − Rp for Pb of 0.0 − 0.4 fm
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PV Asymmetry. The PREX COLLABORATION:

Published in Phys.Rev.Lett. 108 (2012) 112502
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Why parity violating asymmetry?
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Parity violating asymmetry

June 27, 2008, Elba Neutron Stars and PREx Paul Souder, Syracuse

PV Asymmetries
Weak Neutral Current (WNC) Interactions at Q2 << MZ

2

Longitudinally Polarized 
Electron Scattering off 
Unpolarized Fixed 
Targets

(gAegVT +E gVegAT)

•The couplings g depend on electroweak physics as well as on the   
weak vector and axial-vector hadronic current 
•With specific choice of kinematics and targets, one can probe new 
physics at high energy scales
•With other choices, one can probe novel aspects of hadron structure
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Thomas Jefferson National Accelerator Faciity

June 27, 2008, Elba Neutron Stars and PREx Paul Souder, Syracuse

HAPPEX at Jefferson Lab

Polarized e-

Source
Hall A

Continuous Electron Beam Accelerator Facility
CEBAF

Parity Violation at JLab

Je↵erson Lab is an excellent facility for such measurements

Two RF superconducting linacs - Ee = 1 � 6 GeV
High quality polarized beam, Pe ⇠ 85 � 90%
PV expts. need quiet beam parameters over helicity windows:

�x < 10 µm
�x 0 < 2 µrad
�E < 10�3

Seamus Riordan — NuSym11 PREX 10/31

Two RF
superconducting
linacs:
Ee = 1 − 6GeV

High quality
polarized beam,
Pe = 85 − 90%
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PREX in Hall-A

June 27, 2008, Elba Neutron Stars and PREx Paul Souder, Syracuse
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PREX key equipments
PREX Equipment

Several pieces of instrumentation were important

Upgrades in polarimetry

Non-invasive Compton, ⇠ 1%
Invasive Moller, ⇠ 1%

Pb/D targets

Quartz Cerenkov detectors

Integrating ADCs

Beamline monitoring components

Seamus Riordan — NuSym11 PREX 15/31
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Lead/Diamond target(s)
Lead/Diamond Targets

0.15 mm thick
diamond, 0.5 mm
thick Pb

Cryogenically cooled
frame (30 W)

Beam is rastered by
two fast magnets
upstream to di↵use
beam on surface

Seamus Riordan — NuSym11 PREX 16/31
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Experimental Issues
Experiment Issues

Several issues prevented full experimental program
Large amounts of radiation were dumped in the experimental
hall damaging electronics
Mistune of septum field - loss of some small angle statistics
Destruction of scattering chamber rubber O-rings

Seamus Riordan — NuSym11 PREX 19/31
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Experimental Issues - TargetExperiment Issues - Target

Targets were destroyed
over periods of time by
beam

Loss of material ⇠ 10%

Thicker diamond targets
were more successful -
Lasted 4 days at 70 µA

Thickest diamond
contributes 8%
background -
manageable

Seamus Riordan — NuSym11 PREX 20/31
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Data QualityData Quality

Measured asymmetries relatively stable over run

Seamus Riordan — NuSym11 PREX 21/31
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ResultsResults

Set 95% CL on existence of neutron skin
Rn � Rp = 0.34 + 0.15 � 0.17 fm

Each model neutron density is folded into numerical solution of
Dirac eqn with Coulomb and weak axial potential
Full acceptance (apertures, septum propagation, detectors)
applied to APV

PRL forthcoming
Seamus Riordan — NuSym11 PREX 24/31
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ResultsResult and Error Budget

APV = 0.6571 ± 0.0604 ± 0.0130 ppm
± 9.22% (stat) ± 1.98% (sys)

abs (ppm) rel (%)
Polarization 0.0071 1.1
Detector Lin. 0.0071 1.1
Beam Corrections 0.0072 1.1
Q2 0.0028 0.4
12C Asymmetry 0.0025 0.4
Transverse Pol. 0.0012 0.2
BCM Lin. 0.0010 0.1
Target Thick 0.0006 0.1
Rescattering 0.0001 0.0
Inelastic Cont. 0.0000 0.0

Systematic of ⇠ 2% achieved!

Completely statistics dominated

Seamus Riordan — NuSym11 PREX 25/31
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Future plans: PREXII

New proposal to complete measurements appoved with
A-rating from PAC

Measurement of APV to 3% (combined with PREX-I) with 35
days

Several improvements to prior experiment:

Improved metal O-rings
Additional radiation mitigation
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Future plans: PREXII - expected inpact
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Future plans: CREX 48Ca targetIntermediate Mass Nuclei as a Bridge

Theory TAC Review
...this and the complementary one in 208Pb

are important measurements for

constraining, on the one hand, inputs to

nuclear DFT phenomenologies and, on the

other, inputs to nuclear dynamics–the

modeling of three-neutron forces–in

microscopic approaches.

Data from medium-sized nuclei can act as a bridge between
light-nuclei ab initio calculations and heavy nuclei DFT

Isovector observables are not easily accessible and typically
poorly constrained

Facilities like FRIB will study nuclei with very large neutron
skins and halos, need CREX and PREX to reliably anchor
those measurements

Seamus Riordan PREX/CREX 11/24
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Future plans: PREX and CREX program comparisonResults

With 30 days for PREX: 3% stat, 35 days for CREX 2% stat

PREX, E = 1.1 GeV,
A = 0.6 ppb

Charge Normalization 0.1%
Beam Asymmetries 1.1%
Detector Non-linearity 1.0%
Transverse 0.2%
Polarization 1.1%
Inelastic Contribution < 0.1%

E↵ective Q2 0.4%

Total 2%

CREX, E = 2.2 GeV,
A = 2 ppm

Charge Normalization 0.1%
Beam Asymmetries 0.3%
Detector Non-linearity 0.3%
Transverse 0.1%
Polarization 0.8%
Inelastic Contribution 0.2%

E↵ective Q2 0.8%

Total 1.2%

Polarimetry errors could improve with planned advances for
Moller and SoLID

CREX more sensitive to Q2 uncertainty than PREX, angular
resolution demonstrated using elastic ep

Seamus Riordan PREX/CREX 23/24
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Why 48Ca and 208Pb and not something else?

What further measurements could be done?

These are the only choices available for such a program

Reasons:

Require neutron excess

Require large inelastic state separation, doubly-magic (3.8
MeV for 48Ca)

Must have very long lifetime

Importance of the experiments on both targets

No other nuclei meet these criteria

Both nuclei will provide two points over a broad mass range
and provide powerful tests when done together
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Coherent Pion Photoproduction. A2 Collaboration:
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Coherent Pion Photoproduction
Coherent pion photoproduction

Photon probe 
Interaction well understood ππππ0 meson – produced with 

~equal probability on 
protons AND neutrons. 

Select reactions which leave 
nucleus in ground state

Reconstruct ππππ0 0 0 0 

• Angular distribution of π0 →  PWIA contains the matter form factor

• π0 final state interactions - use latest complex optical potentials tuned to π-A 
scattering data. Corrections modest at low pion momenta

Reconstruct ππππ0 0 0 0 

from ππππ0000→2γ 2γ 2γ 2γ decay

dσσσσ/dΩΩΩΩ((((PWIA)  = (s/mN
2) A2 (qππππ*/2k

γγγγ
) F2(Eγγγγ

∗∗∗∗,θθθθππππ
∗∗∗∗)2 |Fm(q)|2 sin2θθθθππππ

∗∗∗∗
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Mami: The Mainzer Microtron

• 100% duty factor electron microtron
• MAMI-C 1.5 GeV upgrade

     (MAMI-B 0.85 GeV)

The MAMI facility

One of the MAMI-C magnets 
 γ

e



Introduction PV Asymmetry Future Plans Introduction Pion Photoporduction Conclusion

Mami: The Photon Beamline

TAPS

γ

Crystal Ball

672 NaI crystals

ΔEγ  ~ 2 MeV

108 γ  sec-1

γ

The MAMI photon beamline 
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Coherent Pion Photoproduction Analysys

Previous (γ, π0) mea-
surements for 208Pb did
not achieve the precision
needed to study the neu-
tron skin mainly because
they used π0 detection
systems with too low an
efficiency (10%) and too
large a dependence on
pion energy and angle.

With Crystal Ball, Glasgow Photon
Tagger and MAMI
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FIG. 2: Upper panels show the fits to the spectrum of ∆Ediff
π

for Eγ=200 MeV for a momentum transfer near the 1st
diffraction maximum (left) and the 1st diffraction minimum
(right). Lower panel shows the π0 detection efficiency for Eγ

of 180, 190, 210, 230 by green solid, red dot-dash, blue dashed
and black dotted lines respectively.

with angular resolution and energy resolution for photons
of 2-3◦ and ( σ

Eγ
∼ 1.7

Eγ
(GeV )0.4) respectively. A cen-

tral detector provides charged particle identification [48]
and two cylindrical Multi Wire Proportional Counters
(MWPC) gave track information[49]. The reconstructed
vertex position from multiple charged track events in the
MWPC allowed accurate reconstruction of the target po-
sition relative to the CB to ∼ 1

2mm.
Neutral pions were identified in the CB from their 2γ

decay and reconstructed from the detected 2γ events in
the CB[50]. The coherent events were isolated from back-
ground processes present in the data set using the energy
difference ∆Ediff

π defined as:

∆Ediff
π = ECM

π − EDet
π .

ECM
π is the energy of the pion in the CM frame cal-

culated using the incident photon energy and assuming
coherent π0 production from a 208Pb nucleus. EDet

π is
the the detected π0 energy in the CM frame. The π0 en-
ergy determination employs the analysis of ref.[52]. For
a coherent process ∆Ediff

π is zero. Example spectra for
∆Ediff

π are shown in Fig. 2 for regions in the diffraction
maxima and minima. In the maxima the coherent pro-
cess dominates and the width of the coherent process is
constrained. The measured Ediff

π resolution ranged from
2 MeV near threshold to 9 MeV at Eγ=240 MeV, in ex-
cellent agreement with the GEANT4 simulation. Near
the diffraction minima a background arising from non-

coherent processes is evident. An additional Gaussian
term in the fit gave a good description of the background
which exhibited Eγ and θπ dependencies consistent with
that simulated from pion production from a nucleon mov-
ing with typical Fermi momenta in 208Pb. The area of
the Gaussian fitted to the coherent process was taken as
a measure of the yield of coherent process.

To obtain cross sections the yield was corrected for the
π0 detection efficiency. This is calculated by analysing
pseudo-data from a GEANT4 simulation of the detec-
tor apparatus using the same procedure as for the real
data. The detection efficiency for the current measure-
ment (Fig.2) is over 30 times larger than previous exper-
iments and shows no sharp dependencies on pion angle.
The yield was also corrected for the photon tagging ef-
ficiency (∼40%), with a procedure as described in [46].
The contribution of pions not originating from the 208Pb
target was found to be less than ∼1% in additional runs
with the target removed.

The differential cross sections are analysed in terms of
the momentum transfer q, defined as

q = Pγ − Pπ

Where Pγ is the incident photon momentum and Pπ is
the measured pion momentum. The differential cross sec-
tions as a function of momentum transfer are presented in
figure 3 for Eγ bins from 180 to 240 MeV. This selects Eγ

sufficiently far from threshold that the photon interaction
process is dominated by ∆ excitation in which produc-
tion amplitudes from proton and neutron are expected
to be equal [37]. In this Eγ region pion photoproduction
models [38, 39] agree on the ratio for the proton and
neutron cross sections to within ±5% [38, 39]. The max-
imum photon energy restricts the data to regions where
the absorption of pions is restricted.

Predictions from the theoretical model of Drecshel
et.al.[42] are also presented in figure 3. In this model the
π0 photoproduction is modelled using a unitary isobar
approach including a self energy for ∆ propagation effects
in the nucleus. The pion-nucleus interaction is treated us-
ing a complex optical potential in momentum space, the
parameters of which are fixed from fits to pion nucleus
scattering data. The model takes the matter form factors
as input, parameterised as a 2-parameter Fermi (2PF)
distribution. The parameters for the charge distribution
were fixed to those well established from electron scatter-
ing with ap=0.446 and rp = 5.436 fm [47]. The neutron
distribution was calculated for a grid of ∼50 points with
radii from 5.336 to 5.736 fm and a range of diffusenesses
from 0.35 to 0.65 fm. For each grid point a weighted
average of the proton and neutron distribution was used
to create the matter distribution and obtain the 2PF pa-
rameters input to the model. The theoretical predictions
were smeared with the experimental q resolution, σq, de-
termined from the Geant4 simulation, which ranged from
0.02 - 0.03 fm−1 dependent on Eγ . A 2-dimensional in-
terpolated fit to the experimental data was used to select
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Coherent Pion Photoproduction Analysys

208Pb

Coherent
 maxima

208Pb
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πd
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π 0  theta (deg)

Non-coherent 
contributions

Eγ=210±10 MeV

π 0  theta (deg)

Coherent pion photoproduction - analysis 

Eγ=175±5 MeV

Eπ
diff  = Eπ

measured - Eπ
calc
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Coherent Pion Photoproduction Analysys

To obtain cross sections the yield was corrected for the π0

detection efficiency.

This is calculated by analysing pseudo-data from a GEANT4
simulation of the detector apparatus using the same procedure
as for the real data.

The detection efficiency for the current measurement shows
no sharp dependencies on pion angle and was typically around
40%.

The yield was also corrected for the photon tagging efficiency
(∼40%).

The contribution of pions not originating from the 208Pb
target was found to be less than ∼1% in additional runs with
the target removed and was subtracted from the yield.



Introduction PV Asymmetry Future Plans Introduction Pion Photoporduction Conclusion

Coherent Pion Photoproduction Analysys

Existing data and parameters
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Coherent Pion Photoproduction Analysys
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Coherent Pion Photoproduction Analysys

1st minima in 208Pb (γ, π0) for varying skin thickness1st minima in 208Pb(γ ,π 0) for varying skin 

thickness

q fm-1

0.1 fm skin
corresponds to 
shift in q of 
~0.01 fm-1
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Results

Fits in each bin
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FIG. 3: Upper 4 panels show the differential cross section for the reaction 208Pb(γ, π0)208Pb for the incident Eγ regions indicated
(black points). The line shows the interpolated fit of the theoretical model to the data with the red highlighted region showing
the region where the model was fitted (see text for details). The green line shows the extrapolation of the predited yield over
the full q range. The lower 2 panels show the best fit of diffuseness and half-height radius parameters for each of the Eγ bins.
The horizontal lines show the fits to obtain the average over Eγ

tion was calculated at each point. These cross sections
were smeared with the experimental q resolution, σq =
0.02 –0.03 fm−1 depending on Eγ , as determined from
the Geant4 simulation. A 2-dimensional interpolation
between the smeared calculations was then used to fit
the shape of the experimental data in the region q = 0.3
to 0.9 fm−1 and thus extract the best fit values for the
equivalent half-height radius and diffuseness of the neu-
tron distribution. In the fit an additional 3% error was
assigned to each experimental point to avoid the impor-
tant information contained in the region of the first mini-
mum being overwhelmed by the high statistical accuracy
of the data in the maxima. The fitted theoretical cross
sections are shown together with the experimental data
for all measured q in Fig.3. Excellent fits are obtained in
the fitted q range with χ2 per degree of freedom of ∼1
and outside this range the discrepancies are only evident
at high q, where the validity of the 2pF parameterisation
must be questionable.

The best fit half-height radius and diffuseness param-
eters are plotted for each Eγ bin in the lower pan-
els of Fig. 3. A zeroth order polynomial fit to these
data provided an average value for Rn

1/2. Systematics

were estimated from the maximum change in the aver-
age value when using different permutations of the data
points. The main systematic is in the diffuseness, driven
largely by the point in the highest Eγ bin. It should
be remarked that pion absorption effects have a much
stronger predicted role in this bin and larger system-
atics in the diffuseness could well be expected. Addi-
tional estimates of the systematic uncertainty were ob-
tained from analysis using only the first minimum and
varying the diffuseness over the range an=0.53-0.59 pre-
dicted by models [7]. This method produced consis-
tent results within the quoted systematics. The dif-
fuseness and half-height radius of the neutron distri-

bution are found to be 0.55
+0.01(stat)
−0.01(stat)

+0.02(sys)
−0.02(sys)fm and

6.77
+0.03(stat)
−0.03(stat)

+0.01(sys)
−0.01(sys) respectively, corresponding to a

neutron skin of 0.19
+0.03(stat)
−0.06(stat)

+0.04(sys)
−0.045(sys) fm.

The new results are compared to the current predic-
tions from nuclear structure models in Fig 4, adopting
the framework from Ref([7]), where the theoretical model
predictions are fitted with a 2pF function. The difference
between the diffuseness parameters for neutrons and pro-
tons is plotted versus the difference in half-height radii.
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Results
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the region where the model was fitted (see text for details). The green line shows the extrapolation of the predited yield over
the full q range. The lower 2 panels show the best fit of diffuseness and half-height radius parameters for each of the Eγ bins.
The horizontal lines show the fits to obtain the average over Eγ

tion was calculated at each point. These cross sections
were smeared with the experimental q resolution, σq =
0.02 –0.03 fm−1 depending on Eγ , as determined from
the Geant4 simulation. A 2-dimensional interpolation
between the smeared calculations was then used to fit
the shape of the experimental data in the region q = 0.3
to 0.9 fm−1 and thus extract the best fit values for the
equivalent half-height radius and diffuseness of the neu-
tron distribution. In the fit an additional 3% error was
assigned to each experimental point to avoid the impor-
tant information contained in the region of the first mini-
mum being overwhelmed by the high statistical accuracy
of the data in the maxima. The fitted theoretical cross
sections are shown together with the experimental data
for all measured q in Fig.3. Excellent fits are obtained in
the fitted q range with χ2 per degree of freedom of ∼1
and outside this range the discrepancies are only evident
at high q, where the validity of the 2pF parameterisation
must be questionable.

The best fit half-height radius and diffuseness param-
eters are plotted for each Eγ bin in the lower pan-
els of Fig. 3. A zeroth order polynomial fit to these
data provided an average value for Rn

1/2. Systematics

were estimated from the maximum change in the aver-
age value when using different permutations of the data
points. The main systematic is in the diffuseness, driven
largely by the point in the highest Eγ bin. It should
be remarked that pion absorption effects have a much
stronger predicted role in this bin and larger system-
atics in the diffuseness could well be expected. Addi-
tional estimates of the systematic uncertainty were ob-
tained from analysis using only the first minimum and
varying the diffuseness over the range an=0.53-0.59 pre-
dicted by models [7]. This method produced consis-
tent results within the quoted systematics. The dif-
fuseness and half-height radius of the neutron distri-

bution are found to be 0.55
+0.01(stat)
−0.01(stat)

+0.02(sys)
−0.02(sys)fm and

6.77
+0.03(stat)
−0.03(stat)

+0.01(sys)
−0.01(sys) respectively, corresponding to a

neutron skin of 0.19
+0.03(stat)
−0.06(stat)

+0.04(sys)
−0.045(sys) fm.

The new results are compared to the current predic-
tions from nuclear structure models in Fig 4, adopting
the framework from Ref([7]), where the theoretical model
predictions are fitted with a 2pF function. The difference
between the diffuseness parameters for neutrons and pro-
tons is plotted versus the difference in half-height radii.

Results

Diffusenes = 0.55
+0.01(stat)+0.02(sys)
−0.01(stat)−0.03(sys)fm

Half-Height Radius = 6.70
+0.03(stat)+0.01(sys)
−0.03(stat)−0.01(sys)fm

Neutron Skin = 0.15
+0.03(stat)+0.01(sys)
−0.03(stat)−0.03(sys)fm
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π0 photoproduction

Coherent pion photoproduction provides a measurement of
neutron radii with an electromagnetic probe has potential to
provide a <1% measurement of skin

The Neutron Skin in 208Pb show a profile charachterized by
an halo (diffuseness �0)
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PV Asymmetry

Neutron radius densities are challenging to measure, but
provide important information for nuclear structure and
astrophysics

Parity-violating electron scattering provides a clean method to
measure such a distribution

The PREX and CREX measurements aim to measure δRn to a
precision of 0.06 and 0.02 with 35 and 30 production days
respectively
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Conclusions

Neutron radius densities are challenging to measure, but provide
important information for nuclear structure and astrophysics

BOTH METHODS have active future programme of
measurements planned on further nuclei, skin evolution across

isotopic chains

Thank You for your time
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