
Neutron skins and high momenta

Neutron skins and high-momentum components in 
finite nuclei

• Motivation  —> meaningful link between structure and reactions essential 
for the physics of rare isotopes 

• Green’s function method can accommodate SRC self-consistently in matter 

• Green’s functions/propagator method <—> Causality by employing dispersion 
relations <—> dispersive optical model (DOM)  

•Framework to link data at positive and negative energy (and to generate 
predictions for exotic nuclei as well as neutron skins) 

• Revisiting the Nikhef results and analysis of (e,e’p) using the DOM (90Zr) 

• Weak charge results <—> DOM description <—> high momenta 

• Improved DOM description of high momenta (40Ca, 48Ca, 54Fe last week) 

• Conclusion and outlook
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Neutron skins and high momenta

SCGF: 
self-consistent 
Green’s functions 
for SRC and tensor 
effects

Interaction in the 
medium properly 
treating short-
range and tensor 
correlations

Self-energy = 
complex potential in 
nuclear matter

Dyson equation ⇒ 
Schrödinger equation 
for dressed nucleons

Arnau Rios 
Arturo Polls✝︎ 
W.D. 
finite T avoids pairing 
standard for AV18, CDBonn, N3LO, etc

self-consistency 
=> thermodynamically consistent

Full off-shell propagation in infinite matter at finite T



Neutron skins and high momenta

Guidance from ab initio: Depletion as a function of asymmetry 
in matter treating short-range and tensor correlations

A. Rios, A. Polls, and W. H. Dickhoff 
Depletion of the nuclear Fermi sea. 
Phys. Rev. C79, 064308 (2009).

http://dx.doi.org/10.1103/PhysRevC.79.064308


• Asymmetry dependence 

• Full treatment of short-range and tensor correlations 

• Incorporates/represents np dominance in matter <—> influence of tensor force  

• So more correlations for minority species 

• EOS available as a function of T and asymmetry (and several VNN + VNNN)

Guidance from ab initio: depletion as a function of asymmetry  

Neutron skins and high momenta

α =
N − Z

N + Z

A. Rios, A. Polls, and W. H. Dickhoff       
Phys. Rev. C89,  044303 (2014)
Phys. Rev. C79, 064308 (2009)

SCGF: 
self-consistent 
Green’s functions 
for SRC and tensor effects



Neutron skins and high momenta

Finite Nuclei

Such self-consistent calculations involving 
in-medium propagation are NOT available



Neutron skins and high momenta 

Two effects associated with short-range correlations 
 as in matter

• Depletion of the Fermi sea mean-field orbits 

• Admixture of high-momentum components 
   to replace depleted strength



Neutron skins and high momenta 

Location of high-momentum components simple argument

External line k (large).  
Intermediate holes < kF, say total momentum ~ 0. 
Momentum conservation: intermediate particle -k 
⇒ Energy intermediate state ~ ‹ε2h›- ε(k) 
⇒ the higher k the more negative the location of its strength 
⇒ no high-momentum components near εF



Neutron skins and high momenta

High-momenta near εF?

I. Bobeldijk et al., Phys. Rev. Lett. 73, 2684 (1994) (e,e’p) —>NO!



Neutron skins and high momenta

Prediction of high-momentum components

p1/2 spectral function at fixed energies in 16O 
Phys. Rev. C49, R17 (1994)



Neutron skins and high momenta 

Momentum distribution 16O

Confirms expectation: 

High momentum nucleons 
can be found at large 
negative energies



Neutron skins and high momenta

What are the rest of the protons doing?
Jlab E97-006 Phys. Rev. Lett. 93, 182501 (2004) D. Rohe et al.

12C

• Location of high-momentum components 
• Integrated strength agrees with theoretical prediction Phys. Rev. C49, R17 (1994) 
	 ⇒ 0.6 protons for 12C



Neutron skins and high momenta

Green’s functions <--> nucleon self-energy <—> DOM
– relate dynamic (energy-dependent) real part to imaginary part 

– employ subtracted dispersion relation 

– contributions from the hole (structure) and particle (reaction) domain 

General dispersion relation for self-energy: 

Calculated at the Fermi energy 
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• Mahaux & Sartor 1991  

• Washington University group since 2006 now fully nonlocal 

• 208Pb 

• Predict neutron distribution —> skin

Neutron skins and high momenta

Dispersive Optical Model (St. Louis group)

E<0 —>

M. C. Atkinson, M. H. Mahzoon, M. A. Keim, B. A. Bordelon, 
C. D. Pruitt, R. J. Charity, and W. H. Dickhoff
Phys. Rev. C 101, 044303 (2020), 1-15. [arXiv:1911.09020]

Indirectly:

DISPERSIVE OPTICAL MODEL ANALYSIS OF 208Pb … PHYSICAL REVIEW C 101, 044303 (2020)
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FIG. 7. Results for proton and neutron analyzing power gener-
ated from the DOM self-energy for 208Pb compared with experimen-
tal data ranging from 10 to 200 MeV. References to the data are given
in Ref. [43].

that the proton properties deviate more from the IPM than the
neutrons in 208Pb.

For levels close to εF , the spectroscopic factor can be
calculated using Eq. (9). These spectroscopic factors are listed
in Table I while in Table II occupation and depletion numbers
are presented. Indeed, the fact that the spectroscopic factors
for protons are smaller than those of the neutrons is consistent
with the protons being more correlated than the neutrons. The
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FIG. 8. Experimental and fitted 208Pb charge density. The solid
black line is calculated using Eq. (5) and folding with the pro-
ton charge distribution, while the experimental band represents
the 1% error associated with the extracted charge density from
elastic-electron-scattering experiments using the sum of Gaussians
parametrization [2,54]. Also shown is the deduced weak charge dis-
tribution, ρw (long-dashed red line), and neutron matter distribution,
ρn (short-dashed blue line).
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FIG. 9. Experimental and fitted 208Pb(e, e) differential cross sec-
tions. All available data have been transformed to an electron energy
of 502 MeV [1].

present values of the valence spectroscopic factors are consis-
tent with the observations in Ref. [6] and the interpretation
in Ref. [7]. It is important to note that these spectroscopic
factors are indirectly determined by the fit to all the available
data similarly to the case reported in Ref. [17] for 48Ca. The
extraction of spectroscopic factors using the (e, e′ p) reaction
has yielded a value around 0.65 for the valence 2s1/2 orbit
[57] based on the results in Refs. [3,4]. While the use of
nonlocal optical potentials may slightly increase this value as
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FIG. 10. Proton energy levels in 208Pb. The energies on the left
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are those calculated using the full DOM self-energy. The energies
on the right correspond to the experimental values. The change from
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Neutron skins and high momenta

40Ca
Fitting the Self-energy (40Ca)

Mack C. Atkinson TRIUMF 6 / 18

Parameters of self-energy varied to minimize �2

Reproducing the data means self-energy is found
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48Ca
• Allows prediction of neutron properties

Fitting the Self-energy (48Ca)

Mack C. Atkinson TRIUMF 7 / 18

Parameters of self-energy varied to minimize �2

Reproducing the data means self-energy is found
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 Phys. Lett. B 798, 135027 (2019), 1-6.
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Neutron skins and high momenta

Another look at (e,e’p) data and spectroscopic factors
• Collaboration with Louk Lapikás and Henk Blok from Nikhef 

• Data published at Ep = 100 MeV Kramer thesis Nikhef for 40Ca(e,e’p)39K       Phys. Lett. B227, 199 (1989)    
Results: S(d3/2)=0.65 and S(s1/2)=0.51 

• More data at 70 and 135 MeV (only in a conference paper) 

• What do these spectroscopic factor numbers really represent? 

– Assume DWIA for the reaction description 

– Use kinematics (momentum transfer parallel to initial proton momentum) favoring simplest part of the 
excitation operator (no two-body current) & sufficient energy for the knocked out proton 

– Overlap function:  

– WS with radius adjusted to shape of cross section 

– Depth adjusted to separation energy 

– Distorted proton wave from standard local non-dispersive “global optical potential” 

– Fit normalization of overlap function to data -> spectroscopic factor 

Why go back there? —> transfer information to (p,pN) in inverse kinematics



Neutron skins and high momenta

Removal probability for 
valence protons 

from 
NIKHEF data 

L. Lapikás, Nucl. Phys. A553,297c (1993)

Weak probe but propagation in the 
nucleus of removed proton 

using standard optical 
potentials to generate 

distorted wave --> associated 
uncertainty ~ 5-15% 

Why: details of the interior 
scattering wave function 

uncertain since non-locality is 
not constrained (so far…..) 

but now available for 40Ca etc!

S ≈ 0.65 for valence protons 
Reduction ⇒ both SRC and LRC

(e,e’p)



Neutron skins and high momenta

NIKHEF analysis PLB227,199(1989)
• Schwandt et al. (1981) optical potential 

• BSW from adjusted WS



Neutron skins and high momenta

Two papers 40Ca and 48Ca

Mack Atkinson et al., Phys. Rev. C98, 044627 (2018)

M. C. Atkinson and W. H. Dickhoff,  Phys. Lett. B 798, 135027 (2019)



Neutron skins and high momenta

NIKHEF data PLB227,199(1989)
• NIKHEF: S(d3/2)=0.65±0.06 

• Only DOM ingredients



Neutron skins and high momenta

Includes NIKHEF data published for the first time
• Only DOM ingredients



Neutron skins and high momenta

NIKHEF data PLB227,199(1989)
• NIKHEF: S(s1/2)=0.51±0.05 



Neutron skins and high momenta

NIKHEF data unpublished
• Only DOM ingredients



Neutron skins and high momenta

Message

• Nonlocal dispersive potentials yield consistent input but are constrained by other 
experimental data 

• Constraints from these other data generate spectroscopic factor —> S(d3/2)=0.71 
in 40Ca for ground state transition 

• Using experimental s1/2 strength distribution: 2.5 MeV state —> S(s1/2)=0.60 

• NIKHEF 0.65±0.06 and 0.51±0.05, respectively (local) 

• DWIA validated for (e,e’p) including the choice of kinematics and energy domain as 
implemented at Nikhef 



Neutron skins and high momenta

48Ca(e,e’p)
• d3/2 spectroscopic factor reduced to 0.60 from 0.71 in 40Ca 

• after local energy correction —> from 0.60 to S(d3/2)=0.58 

• and from 0.64 —> S(s1/2)  = 0.55 

• No further adjustments! All ingredients provided by DOM 

• Both structure and reaction properties allowed to change when 8 n added



DOM

Compare with Gade plot
Very near the Fermi energy in 40Ca and 48Ca from (e,e’p) —> error band

Quenching sp strength review: Aumann et al, Prog. Part. Nucl. Phys. 118,  103847 (2021)
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Neutron skins and high momenta

New DOM application: 90Zr

• Semi-magic 

• Excellent (e,e’p) data for valence orbits 

• Establish DOM result for neutron skin



Neutron skins and high momenta

90Zr
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Neutron skins and high momenta

Levels
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Neutron skins and high momenta

90Zr and (e,e’p) data NIKHEF 1988
• Proton open shell —> valence sp strength split above and below Fermi energy
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Neutron skins and high momenta

Neutron skins

• Important observable 

• Link with neutron stars 

• Hard to measure cleanly —> only PREX and CREX



DOM

Neutron skins in 48Ca and 208Pb from DOM predictions
• DOM 2017 

• DOM 2020
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FIG. 7. Results for proton and neutron analyzing power gener-
ated from the DOM self-energy for 208Pb compared with experimen-
tal data ranging from 10 to 200 MeV. References to the data are given
in Ref. [43].

that the proton properties deviate more from the IPM than the
neutrons in 208Pb.

For levels close to εF , the spectroscopic factor can be
calculated using Eq. (9). These spectroscopic factors are listed
in Table I while in Table II occupation and depletion numbers
are presented. Indeed, the fact that the spectroscopic factors
for protons are smaller than those of the neutrons is consistent
with the protons being more correlated than the neutrons. The
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FIG. 8. Experimental and fitted 208Pb charge density. The solid
black line is calculated using Eq. (5) and folding with the pro-
ton charge distribution, while the experimental band represents
the 1% error associated with the extracted charge density from
elastic-electron-scattering experiments using the sum of Gaussians
parametrization [2,54]. Also shown is the deduced weak charge dis-
tribution, ρw (long-dashed red line), and neutron matter distribution,
ρn (short-dashed blue line).
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FIG. 9. Experimental and fitted 208Pb(e, e) differential cross sec-
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present values of the valence spectroscopic factors are consis-
tent with the observations in Ref. [6] and the interpretation
in Ref. [7]. It is important to note that these spectroscopic
factors are indirectly determined by the fit to all the available
data similarly to the case reported in Ref. [17] for 48Ca. The
extraction of spectroscopic factors using the (e, e′ p) reaction
has yielded a value around 0.65 for the valence 2s1/2 orbit
[57] based on the results in Refs. [3,4]. While the use of
nonlocal optical potentials may slightly increase this value as
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corresponding to a Hartree-Fock calculation. The middle energies
are those calculated using the full DOM self-energy. The energies
on the right correspond to the experimental values. The change from
the left energies to the middle energies is the result of including the
dynamic part of the self-energy.
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FIG. 5. 48Ca neutron minus proton radius versus that for
208Pb. The PREX-2+PREX-1 experimental result is shown
as a blue square, while that for CREX is shown as a red
square with the inner error bars indicating the experimental
error and the outer error bars including the model error. The
gray circles (magenta diamonds) show a variety of relativis-
tic (non-relativistic) density functionals. Coupled cluster [8]
and dispersive optical model (DOM) predictions [47] are also
shown.

from this work, including excellent systematic control
of helicity-correlated fluctuations and demonstration of
high precision electron beam polarimetry, will inform the
design of future projects MOLLER [49] and SoLID [50]
at JLab measuring fundamental electroweak couplings,
as well as P2 and the 208Pb radius experimental propos-
als at Mainz [51].
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CREX surprise and puzzle from Jefferson Lab data—> 
Neutron skin in nuclei and neutron star equation of state: 
Why is the skin small in 48Ca and large in 208Pb? 

Using the dispersive optical model (DOM) our group can 
explain the skin of both 48Ca and 208Pb. 

Precision Determination of the Neutral Weak Form Factor of 48Ca
(The CREX Collaboration)

D. Adhikari,1 H. Albataineh,2 D. Androic,3 K.A. Aniol,4 D.S. Armstrong,5 T. Averett,5 C. Ayerbe Gayoso,5

S.K. Barcus,6 V. Bellini,7 R.S. Beminiwattha,8 J.F. Benesch,6 H. Bhatt,9 D. Bhatta Pathak,8 D. Bhetuwal,9

B. Blaikie,10 J. Boyd,11 Q. Campagna,5 A. Camsonne,6 G.D. Cates,11 Y. Chen,8 C. Clarke,12 J.C. Cornejo,13

S. Covrig Dusa,6 M. M. Dalton,6 P. Datta,14 A. Deshpande,12, 15 D. Dutta,9 C. Feldman,12 E. Fuchey,14

C. Gal,15, 9, 11, 12 D. Gaskell,6 T. Gautam,16 M. Gericke,10 C. Ghosh,17, 12 I. Halilovic,10 J.-O. Hansen,6

O. Hassan,10 F. Hauenstein,18 W. Henry,19 C.J. Horowitz,20 C. Jantzi,11 S. Jian,11 S. Johnston,17

D.C. Jones,19 S. Kakkar,10 S. Katugampola,11 C. Keppel,6 P.M. King,21 D.E. King,22, 19 K.S. Kumar,17

T. Kutz,12 N. Lashley-Colthirst,16 G. Leverick,10 H. Liu,17 N. Liyanage,11 J. Mammei,10 R. Mammei,23

M. McCaughan,6 D. McNulty,1 D. Meekins,6 C. Metts,5 R. Michaels,6 M. Mihovilovic,24, 25 M.M. Mondal,12, 15

J. Napolitano,19 A. Narayan,26 D. Nikolaev,19 V. Owen,5 C. Palatchi,11, 15 J. Pan,10 B. Pandey,16 S. Park,12

K.D. Paschke,11, ⇤ M. Petrusky,12 M.L. Pitt,27 S. Premathilake,11 B. Quinn,13 R. Radlo↵,21 S. Rahman,10

M.N.H. Rashad,11 A. Rathnayake,11 B.T. Reed,20 P.E. Reimer,28 R. Richards,12 S. Riordan,28 Y.R. Roblin,6

S. Seeds,14 A. Shahinyan,29 P. Souder,22 M. Thiel,30 Y. Tian,22 G.M. Urciuoli,31 E.W. Wertz,5 B. Wojtsekhowski,6

B. Yale,5 T. Ye,12 A. Yoon,32 W. Xiong,22, 33 A. Zec,11 W. Zhang,12 J. Zhang,12, 15, 33 and X. Zheng11

1Idaho State University, Pocatello, Idaho 83209, USA
2Texas A & M University - Kingsville, Kingsville, Texas 78363, USA
3University of Zagreb, Faculty of Science, Zagreb, HR 10002, Croatia

4California State University, Los Angeles, Los Angeles, California 90032, USA
5William & Mary, Williamsburg, Virginia 23185, USA

6Thomas Je↵erson National Accelerator Facility, Newport News, Virginia 23606, USA
7Istituto Nazionale di Fisica Nucleare, Sezione di Catania, 95123 Catania, Italy

8Louisiana Tech University, Ruston, Louisiana 71272, USA
9Mississippi State University, Mississippi State, MS 39762, USA
10University of Manitoba, Winnipeg, Manitoba R3T2N2 Canada
11University of Virginia, Charlottesville, Virginia 22904, USA

12Stony Brook, State University of New York, Stony Brook, New York 11794, USA
13Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

14University of Connecticut, Storrs, Connecticut 06269, USA
15Center for Frontiers in Nuclear Science, Stony Brook, New York 11794, USA

16Hampton University, Hampton, Virginia 23668, USA
17University of Massachusetts Amherst, Amherst, Massachusetts 01003, USA

18Old Dominion University, Norfolk, Virginia 23529, USA
19Temple University, Philadelphia, Pennsylvania 19122, USA

20Indiana University, Bloomington, Indiana 47405, USA
21Ohio University, Athens, Ohio 45701, USA

22Syracuse University, Syracuse, New York 13244, USA
23University of Winnipeg, Winnipeg, Manitoba R3B2E9 Canada
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We report a precise measurement of the parity-violating asymmetry APV in the elastic scattering
of longitudinally polarized electrons from 48Ca. We measure APV = 2668±106 (stat)±40 (syst) parts
per billion, leading to an extraction of the neutral weak form factor FW(q = 0.8733 fm�1) = 0.1304±
0.0052 (stat)±0.0020 (syst) and the charge minus the weak form factor Fch�FW = 0.0277±0.0055.
The resulting neutron skin thickness Rn �Rp = 0.121± 0.026 (exp)± 0.024 (model) fm is relatively
thin yet consistent with many model calculations. The combined CREX and PREX results will
have implications for future energy density functional calculations and on the density dependence
of the symmetry energy of nuclear matter.
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Neutron skins and high momenta

Results including all DOM analyzed nuclei plus 2 GFMC results
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Neutron skins and high momenta

High momenta

• So far: DOM factorizes energy dependence and geometry  

• —> cannot properly describe high-momentum spectral functions



Neutron skins and high momenta

Problem with 48Ca high momenta

• Skin OK 

• But neutrons with smaller radius generate more high momenta above protons
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Neutron skins and high momenta

Jefferson Lab data
• Pion/isobar contributions cannot be described 

• Rescattering contributes some cross section  
C. Barbieri and L. Lapikás Phys. Rev. C 70, 054612 (2004)
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Neutron skins and high momenta

Absorption in smaller volume with increasing missing energy
• DOM extension: numerical dispersion relations
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n(k)
• Makes more sense
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Momentum distributions
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Neutron skins and high momenta

CaFe interest
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Neutron skins and high momenta

Location of  
single-particle 
 strength in 
closed-shell  

(stable) nuclei

SRC

SRC theory

For example: 
protons in 208Pb

N
IKH

EF (e,e’p) data 
L. Lapikás 

N
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553,297c (1993)JLab E97-006  

Phys. Rev. Lett. 93, 182501 (2004) D. Rohe et al.

Elastic nucleon 
scattering

Reviewed in Prog. Part. Nucl. Phys. 52 (2004) 377-496



Neutron skins and high momenta

Electron experiments are tops

– DOM can do many things 

– Green’s functions the only way to deal with the scattering domain 

– We used a link between neutron skins and high momenta to improve DOM 

– Many things except the most recent ones in 3rd edition (1008 pages)  


