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Introduction

polarizability – measure of induced dipole moment 
in external field

for the free nucleon:
fundamental structure constants

proton is decent now, but neutron needs work

electricelectric magneticmagnetic
DD = = ααEE MM = = ββBB

ΔεΔε
 

= = ––dd ·· EE –– ½½ αα
 

||EE||22
ΔεΔε

 
= = ––μμ ·· BB –– ½½ ββ

 
||BB||22

q , μ
 
⇒⇒⇒⇒

 
1st order response

α, β
 
⇒⇒⇒⇒

 
2nd order response

(lowest order response of internalinternal structure)



electric electric polarizabilitypolarizability:  :  
separation of chargeseparation of charge

DD == 00

DD == ααEE

paramagnetic paramagnetic polarizabilitypolarizability:  :  
moments align with moments align with BB

MM == 00

MM == ββ
 

parapara BB

+

diamagnetic diamagnetic polarizabilitypolarizability:  :  
induced current opposes induced current opposes BB

M = βdia B



Measuring Nucleon Polarizability

Neutron
difficulties

no free neutron targets

neutron is uncharged (no Thomson scattering)

techniques

neutron scattering by heavy nucleus

quasi-free Compton scattering:  D(γ,γ′n)p

elastic Compton scattering:   DD((γγ,,γγ))DD

Proton
Compton scattering σp (ω) ≈

 

r0
2 – 2 r0 αα

 
pp ω2

σn (ω) ≈

 

αα

 
nn 
22 ω4



Classical Compton Scattering
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approximation holds at energies  approximation holds at energies  ωω
 

«« ωωp,np,n



Proton 
Polarizability

Olmos de Leon Olmos de Leon EPJ 01



Neutron Polarizability Experiments

Alexandrov (Dubna – 1986)

Koester (Munich – 1986)

Schmiedmayer (Vienna/Harwell – 1986)

Koester (Munich – 1988)

Schmiedmayer (Vienna/ORNL – 1991)

Koester (Munich – 1995)

Enik (Dubna – 1997)

Laptev (Gatchina – 2002)

n scattering

DD((γγ,,γγ′′nn))pp
Rose (Gottingen/Mainz – 1990)

Kolb (SAL – 2000)
Kossert (Mainz – 2003)

αn = 12.6 ±

 

1.5(stat) ±

 

2.0(syst) 

αn = 12.5 ±

 

1.8(stat) (syst) ±

 

1.1(model)+1.1
–0.6

βn = 2.7 1.8(stat) (syst)    1.1(model)+0.6
–1.1

±±



Neutron Scattering

near heavy nucleus:  E ∼ 1021 V/m

interaction potential: V = –½ αn E
2 = –½ αn (Ze)2/r4

scattering cross section includes:
effect of αn (∼k)

neutron-nucleus potential scattering

resonance scattering

spin-orbit (Schwinger) scatt.

neutron-electron interaction

σs (k) = σs (0) + ak + bk2 + ck4

(En < 50 keV)

Schmiedmayer PRL 1991

αn = 12.6 ±

 

1.5(stat) ±

 

2.0(syst) 
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Quasi-Free Compton Scattering
D(γ,γ′n)p

detect scattered photon at back 
angle with a forward neutron

analysis: diagrammatic 
approach of Levchuk/L’vov

Kossert EPJ 2003

NQF PQF

FSI
MEC
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o o

Kossert EPJ 2003

Wissmann 04

ω

 

= 325 MeV

Finding QF Events



ω

 

= 245 MeV

proton

6.4
0.47.14)( +

−=− pβα
Kolb PRL 00

neutron

8.9)( ≈− nβαWissmann 04



Quasi-Free Compton Scattering

Kossert EPJ 2003

αn = 12.5 ±

 

1.8(stat) (syst) ±

 

1.1(model)+1.1
–0.6

βn = 2.7 1.8(stat) (syst)    1.1(model)+0.6
–1.1

±±



Elastic Compton Scattering on D
Motivation

sumsum of proton and neutron polarizabilities

σD(ω) ≈ r0
2 – 2 r0 ((ααpp + + ααnn)) ω2

Requirements
must separate elasticelastic from breakup!

monoenergetic (tagged) photons

high-resolution photon detector (ΔE/E < 2% at 100 MeV)

Data
Lucas – Illinois (1994) Eγ = 49, 69 MeV

Hornidge – SAL (2000) Eγ = 85-105 MeV

Lundin – Lund (2003) Eγ = 55, 66 MeV

Theory
diagrammatic approach (Levchuk/L’vov)

EFT (Hildebrandt, Griesshammer, Hemmert, Phillips,… )



Photon Energy Spectrum

Hornidge PRL 2000

D(γ,γ)D

Detected photon energy  (MeV)

Yi
el

d
2 2 MeVMeV

elastic
breakup

θγ

 

= 150o



0 30 60 90 120 150 180
5

10

15

20

25
Elastic Compton Scattering on the Deuteron

Illinois 49 MeV
Lund 55 MeV

0 30 60 90 120 150 180
5

10

15

20

25

Di
ffe

re
nt

ia
l C

ro
ss

 S
ec

tio
n 

 (n
b/

sr
)

Illinois 69 MeV
Lund 66 MeV

0 30 60 90 120 150 180
Angle  (deg)

5

10

15

20

25

SAL 95 MeV

World 
Data 
Set

Lucas Lucas –– Illinois (1994)Illinois (1994)
EEγγ

 

= 49, 69 = 49, 69 MeVMeV

HornidgeHornidge –– SAL (2000)SAL (2000)
EEγγ

 

= 85= 85--105 105 MeVMeV

LundinLundin –– Lund (2003)Lund (2003)
EEγγ

 

= 55, 66 = 55, 66 MeVMeV



Elastic Data “Issues”

energy width of bins is too large

statistics rarely less than 7%

sparse coverage in energy and angle

Energy 
Range

Energy 
Bin 

Width
Statistical Systematic

Hornidge 85-105 20 5.2-9.8% 4.8-6.4%

Lundin 55, 66 10, 10 7.5-24.4% 6.5-14.3%

Lucas 49, 69 6.5, 7.7 4.2-12.6% 3.6-4.0%
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Hildebrandt EFT Calculations
Improvements over previous calculations 

EFT with nucleons, pions and also explicit Δ(1232)
treat Δ by power-counting rules of Small Scale Expansion

strong paramagnetic M1 coupling of photon to N → Δ transition

two-nucleon Green’s function method (gauge invariance)

deuteron wave functions from latest NN potentials

Siegert’s theorem for photon coupling (static limit) 

Successes of the present theory
good description of data over all energies (49-95 MeV)

simultaneously fits “low” and “high” energy regimes

reproduces back-angle behavior at 95 MeV

recovery of Thomson (static) limit as E → 0 

very little dependence on deuteron wave function

consistent theory can extend to 110-120 MeV (future data)



Hildebrandt EFT Calculations

Nπ

 

only

Nπ

 

+ Δ Effect of explicit Effect of explicit ΔΔ

Hildebrandt NPA 2004

adding the Δ raises back-angle cross section
contributes M1 strength
without it, β comes out anomalously large

reduced effect at lower energies



Hildebrandt EFT Calculations

Hildebrandt Ph.D. thesis 2005



Summary of Neutron Results

Neutron scattering
Schmiedmayer (91)  αn = 12.6 ±

 
1.5(stat) ±

 
2.0(syst) 

Quasi-free Compton scattering
Kossert (03)  αn = 12.5 ±

 

1.8(stat) (syst) ±

 

1.1(model)+1.1
–0.6

βn = 2.7 1.8(stat) (syst)    1.1(model)+0.6
–1.1

±±

Elastic Compton scattering
data from Lucas (94), Hornidge (00), Lundin (03)

global fit by Hildebrandt (05)
αn = 11.6 ±

 

1.5 (stat) ±

 

0.6 (Baldin)

βn = 3.6 1.5 (stat) 0.6 (Baldin)±±



Elastic Compton Scattering from 
Deuterium at Eγ

 

= 60-115 MeV
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Experiment at Lund

energies:  EEγγ = 60= 60--115 115 MeVMeV using tagged photonsusing tagged photons

two tagger settings:  115-95 and 97-60 MeV

bin data in 5 MeV energy bins (with 5% statistics)

angles:  θθγγ = 60= 60°°, 120, 120°°, 150, 150°°

with 3 NaI detectors simultaneously

detectors:  3 large-volume (50 cm × 50 cm) NaI’s

excellent photon energy resolution (ΔEγ/Eγ ~ 2%)

BUNI:  Boston Univ.
CATS:  Mainz Univ.
UK:  Univ. of Kentucky

UK
CATS

BUNI120o



Kinematic Coverage
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Polarizability Uncertainty

Energy
Angle

60

Δ(α-β)

65

Δ(α-β)

70

Δ(α-β)

75

Δ(α-β)

80

Δ(α-β)

85

Δ(α-β)

90

Δ(α-β)

60° 30.1 25.9 22.5 19.7 17.4 15.4 13.7

90° 7.6 6.7 6.0 5.4 5.0 4.6 4.3

150° 3.8 3.4 3.1 2.8 2.6 2.4 2.3

Calculate error bar for α-β based on statistics  (3.1%)

each entry represents error for one energy/angle point

error decreases at back angles and at higher energy 

Overall uncertainty Overall uncertainty ΔΔ((αα--ββ) = 0.96) = 0.96
21 data pts21 data pts

proton:



Polarizability Uncertainty

StatisticsStatistics
AnglesAngles

3%3%

Δ(α-β)

5%5%

Δ(α-β)

10%10%

Δ(α-β)

60, 90, 15060, 90, 150 0.930.93 1.571.57 3.113.11

60, 135, 15060, 135, 150 0.770.77 1.281.28 2.562.56

45, 60, 90, 120, 15045, 60, 90, 120, 150 0.750.75 1.251.25 2.492.49

Compare several angle configurations

one vs. two sets of angles

statistics varying from 3% (good) to 10% (bad)

for central value of for central value of αα--ββ
 

= 20.2= 20.2

proton:



Summary

Present situation for the neutron is not satisfactory
neutron scattering results are questionable

only one precise quasi-free Compton result

elastic Compton data are sparse, with large error bars

New elastic Compton scattering program (Lund)
expand data setexpand data set in energy and angular coverage

improve energy resolutionimprove energy resolution per data point (ΔEγ = 5 MeV)

confirm 100 MeV data

first data at 70-90 MeV

determine neutron determine neutron polarizabilitiespolarizabilities to match proton precisionto match proton precision

production runs in Nov. 2007 and June 2008 (now!)production runs in Nov. 2007 and June 2008 (now!)
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