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The neutron exhibits much of the richness of nuclear physics, but is 
vastly simpler, and thus more interpretable, than complex nuclei. 

The neutron can be used to probe Strong, Weak, EM and Gravitational 
phenomena.

Neutron decay is the archetype for all nuclear  beta decay and is a key 
process in astrophysics.

The neutron is well suited as a laboratory for tests of physics beyond the 
Standard Model.

Why focus on the neutron? 
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I Introduction to the basic physics of the neutron as a particle

II Overview of neutron facilities and techniques

III The Neutron Electric Dipole Moment 

IV Neutron beta decay

V Some Selected Additional Projects (time permitting)

Overview of the Lectures
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Some General References

Fermi, Lecture Notes on Nuclear Physics
Byrne, Neutrons, Nuclei and Matter
Golub, Lamoreaux, Richardson, Ultracold Neutrons
Commins and Bucksbaum, Weak Interactions of Quarks and Leptons
Particle Data Group, pdg.lbl.gov
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Historical Introduction
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Ernest Rutherford

1920 Noting that atomic number (Z) does not correspond to atomic 
weight, Rutherford suggests that, in addition to “bare” 
protons, the nucleus contains some tightly bound “proton-
electron pairs” or neutrons.

1930 Bothe and Becker discovered a penetrating, neutral radiation 
when alpha particles hit a Be target. 

1931 Mme Curie shows that they are not gamma rays and they 
have sufficient momentum to eject p’s from paraffin.

?

Irene Curie

Walter Bothe

nCBe +®+ 129a
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1932 Chadwick replaced the paraffin with a variety of other 
targets and, by measuring the recoil energies of the ejected 
particles was able to determine the mass of the neutral 
particle

M = 1.15 ± ~10%

Chadwick claimed this was Rutherford’s “Neutron”

J. Chadwick, Proc. Roy. Soc., A 136 692 (1932)
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1933 Bainbridge makes precision measurements of the atomic 
masses of the proton and the deuteron using the mass 
spectrograph

1934 Chadwick and Goldhaber make the first “precision” 
measurement of the neutron mass by looking at the 
photo-disassociation of the deuteron 

Using 2.62MeV gammas from Thorium and determining the  
recoil energy of the protons they we re able to determine*:

1. The neutron cannot be a bound “proton-electron pair”

2. It is energetically possible for a neutron to decay to e + p

*Chadwick and Goldhaber, Nature, 134 237 (1934)
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KEY OBSERVATION:  Mn > Mp + Me
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Some Neutron Properties

Mechanical Properties
Mass
Gravitational Mass (equivalence principle test)
Spin 

Electromagnetic Properties
Charge (limit on neutrality)
Magnetic Dipole Moment
Electric Dipole Moment
Internal Charge Distribution
Higher Moments (Quadrupole,Octupole,..)

Miscellaneous Quantum Numbers:
Intrinsic Parity (P), Isospin (I), Baryon Number (B), Strangeness (S), …
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The Neutron Mass
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The “Naive” Quark Model 

Nucleons are color triplets of spin ½ Quarks 

Neutron 

q=0  
Proton 

q=+1  

Electrostatic self-energy suggests: mp > mn  ??
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∆MTOTAL ∆M QCD ∆M QED (MeV) 

Theory 1.51(28) 2.51      -1.00

Experiment 1.30

Science 347, 1452 (2015)
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Determination of the Neutron Mass

The best method for the determination of the neutron mass 
considers the reaction:

n + p ® d + g

and measures two quantities with high accuracy:

1. A gamma ray energy
The actual experiment is an absolute determination of 
the 2.2MeV gamma ray wavelength in terms of the SI meter.

2. A mass difference
The actual experiment is the determination of the D - H mass
difference in atomic mass units.
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Absolute Measurement of 2.2Mev n-p Capture Gamma Energy
Measure Bragg angle for diffraction of 2.2MeV gamma from a perfect 
single crystal of Silicon with an accurately measured lattice spacing d.

*l
ng

hchE ==ql sin2* dn =

Bragg Angle is a few milli-radian
Need nano-radian precision!

See: http://www.ill.fr/YellowBook/PN3/
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Precision vs. Accuracy
Angle Interferometer gives high precision but what about its “calibration”

?

See: http://www.ill.fr/YellowBook/PN3/

What can we use to calibrate a precision angle device?
Is there a “Standard” for angle measurement?
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The NIST Standard for the Kilogram
(At least until May 2019) 

What is the NIST Standard for angles? 



19

The NIST Standard Angle

Exactly 360�
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Absolute Measurement of 2.2Mev n-p Capture Gamma Energy

Step 3: Calibrate Angle interferometer

Measure 24 interfacial angles of a precision quartz optical polygon 
Since they must sum to 360°, there are only 23 independent 
quantities. A 24 parameter fit can give the calibration constant. 

See: http://www.ill.fr/YellowBook/PN3/
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Determination of the Neutron Mass

M(n) = 939.5654133(58) MeV 

E. G. Kessler, et. al., Phys Lett A, 255 (1999) 
G.L Greene, et. al., Phys. Rev. Lett. 24, 819 (1986)
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The Neutron’s Gravitational Mass
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Equivalence Principle Test with Neutrons

The measurement of the neutron mass represents a 
determination of the neutron’s INERTIAL mass. To
determine the neutron’s GRAVITATIONAL mass, one 
must compare the free fall acceleration of the neutron 
with the acceleration g of macroscopic test masses:

Fn = mi an

mg g = mi an

mg / mi = an /g º g



24

Falling Neutrons

For review see: Schmiedmayer, NIM A284, 59 (1989)
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Falling Neutrons

For review see: Schmiedmayer, NIM A284, 59 (1989)

The Equivalence principle has been checked 
with macroscopic masses in “Eotvos” 
experiment to sensitivities of  10-13.

¨ ¨
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has been extensively studied. As expected there are two linearly 
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George Airy
1801-1892

Airy Functions
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Solution to Schrödinger’s Equation

Stationary States:

is the nth stationary state

is the gravitational scale height

is the nth zero of the Airy function Ai(x)
(note αn are all negative)

is the normalization constant

Energy Levels are given by the roots of 
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The Experiment:



31

Neutron Interferometry

Slides Courtesy of Fred Weitfeldt 
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Perfect Crystal Silicon Interferometers

~10 cm



Greene NNPSS July 2007
37

Introduce a Phase Shift
into one leg. Could be:

1. Electromagnetic due 
to magnetic moment

2. Nuclear Force due to 
coherent scattering 
amplitude

3. GRAVITY
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Quantum Mechanical Gravitational Phase Shift

gimm
h

gA
2

2plf =D

A=Hl = Area of parallelogram

mi =  neutron inertial mass
mg = neutron gravitational mass

Test of the Weak Equivalence Principle in the Quantum Limit
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The Collela-Overhauser-Werner Experiment COW

Collela, Overhauser, Werner, PRL 34, 1472 (1975)
…
…
Littrell, Allman, Werner, Phys Rev A56, 1767 (1997)
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The Neutron Spin



Greene NNPSS July 2007
41

The Neutron has an Intrinsic Spin of s=½

1934  Schwinger concludes that s=½ based on the band spectrum of  
molecular D2 and the scattering of neutrons from ortho and para H2 .

1949 Hughes and Burgey observe the mirror reflection of neutrons 
from magnetized iron. They observe 2 critical angles definitively 
showing the neutron has two magnetic sub-levels. 

1954 Neutron Stern-Gerlach experiment explicitly demonstrates s=½ .

sL !"
#
=See also Fischbach, Greene, Hughes, PRL 66, 256 (1991) showing 
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The Neutron Charge ?



The Neutron Appears to be Neutral

J. Baumann et al., Phys. Rev. D 37, 3107 (1988)

Qn = (-0.4 +/- 1.1) x 10-21 e

Electric Field 
Neutron beam
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The Neutron Charge Distribution
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Neutrality does not Imply Uniformity

The neutron is a composite structure of  
charged quarks which may be distributed 
non uniformly within the neutron.

Fermi & Marshall suggested that 
the neutron should have a positive 
“core” and a negative “skin” due to 
virtual pion emission

Neutron Mean Charge Radius: ( ) 322 drrrrn ò= r
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Neutron Electric Scattering Form Factor

The Fourier transform of the neutron charge density     
is accessible from electron scattering.
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The Mean Square Neutron Charge Radius              .     
Constrains the Slope In Electron Scattering Experiments. 

(e.g. Bates, JLab,…)

( )2QGn
E

V. Ziskin, Ph.D. thesis, 2005



+

-

G.A. Miller and J. Arrington Phys. Rev. C 78, 032201 (2008)

The neutron does have a static charge 
distribution with a positive “core” and a 

negative “halo’’
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Experimental Situation is in Disarray
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The Neutron Magnetic Moment
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“Naive” Quark Model
Static SU(6) Model:

1. Baryons wavefunctions are quark color singlets with correct symmetry

2. Baryon magnetic moments arise solely from the static sum of the quark moments

3. Individual quark moments are proportional to quark charges (i.e.                  ) du µµ 2-=
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incoming 
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Method of Separated Oscillatory Fields

G. L. Greene, et. al. Physics Letters, 71B, 297 (1977)
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WHY IS THE AGREEMENT SO GOOD?

Polarized electron, proton, and muon scattering experiments on H, 
D and 3He indicate that only 20-30% of the nucleon spin comes 
from the intrinsic spin of the quarks.

The spin structure of the nucleon is one of the outstanding 
problems at the interface between nuclear and particle physics.

Over the past 20 years more than 1000 theoretical papers have 
been published and major experiments have been carried out at 
practically all major accelerator laboratories.

The work is ongoing…
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The Neutron Electric Dipole Moment
Wait for Lecture 4
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End of Lecture 1
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The neutron exhibits much of the richness of nuclear physics, but is 
vastly simpler, and thus more interpretable, than complex nuclei. 

The neutron can be used to probe Strong, Weak, EM and Gravitational 
phenomena.

Neutron decay is the archetype for all nuclear  beta decay and is a key 
process in astrophysics.

The neutron is well suited as a laboratory for tests of physics beyond the 
Standard Model.
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Some General References
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Historical Introduction
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Ernest Rutherford

1920 Noting that atomic number (Z) does not correspond to atomic 
weight, Rutherford suggests that, in addition to “bare” 
protons, the nucleus contains some tightly bound “proton-
electron pairs” or neutrons.

1930 Bothe and Becker discovered a penetrating, neutral radiation 
when alpha particles hit a Be target. 

1931 Mme Curie shows that they are not gamma rays and they 
have sufficient momentum to eject p’s from paraffin.
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Irene Curie

Walter Bothe

nCBe +®+ 129a



8

1932 Chadwick replaced the paraffin with a variety of other 
targets and, by measuring the recoil energies of the ejected 
particles was able to determine the mass of the neutral 
particle

M = 1.15 ± ~10%

Chadwick claimed this was Rutherford’s “Neutron”

J. Chadwick, Proc. Roy. Soc., A 136 692 (1932)
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1933 Bainbridge makes precision measurements of the atomic 
masses of the proton and the deuteron using the mass 
spectrograph

1934 Chadwick and Goldhaber make the first “precision” 
measurement of the neutron mass by looking at the 
photo-disassociation of the deuteron 

Using 2.62MeV gammas from Thorium and determining the  
recoil energy of the protons they we re able to determine*:

1. The neutron cannot be a bound “proton-electron pair”

2. It is energetically possible for a neutron to decay to e + p

*Chadwick and Goldhaber, Nature, 134 237 (1934)
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Some Neutron Properties
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Mass
Gravitational Mass (equivalence principle test)
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Electromagnetic Properties
Charge (limit on neutrality)
Magnetic Dipole Moment
Electric Dipole Moment
Internal Charge Distribution
Higher Moments (Quadrupole,Octupole,..)
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The Neutron Mass
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∆MTOTAL ∆M QCD ∆M QED (MeV) 

Theory 1.51(28) 2.51      -1.00

Experiment 1.30

Science 347, 1452 (2015)
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Determination of the Neutron Mass

The best method for the determination of the neutron mass 
considers the reaction:

n + p ® d + g

and measures two quantities with high accuracy:

1. A gamma ray energy
The actual experiment is an absolute determination of 
the 2.2MeV gamma ray wavelength in terms of the SI meter.

2. A mass difference
The actual experiment is the determination of the D - H mass
difference in atomic mass units.
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Absolute Measurement of 2.2Mev n-p Capture Gamma Energy
Measure Bragg angle for diffraction of 2.2MeV gamma from a perfect 
single crystal of Silicon with an accurately measured lattice spacing d.

*l
ng

hchE ==ql sin2* dn =

Bragg Angle is a few milli-radian
Need nano-radian precision!

See: http://www.ill.fr/YellowBook/PN3/
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Precision vs. Accuracy
Angle Interferometer gives high precision but what about its “calibration”

?

See: http://www.ill.fr/YellowBook/PN3/

What can we use to calibrate a precision angle device?
Is there a “Standard” for angle measurement?
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The NIST Standard for the Kilogram
(At least until May 2019) 

What is the NIST Standard for angles? 
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The NIST Standard Angle

Exactly 360�
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Absolute Measurement of 2.2Mev n-p Capture Gamma Energy

Step 3: Calibrate Angle interferometer

Measure 24 interfacial angles of a precision quartz optical polygon 
Since they must sum to 360°, there are only 23 independent 
quantities. A 24 parameter fit can give the calibration constant. 

See: http://www.ill.fr/YellowBook/PN3/
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Determination of the Neutron Mass

M(n) = 939.5654133(58) MeV 

E. G. Kessler, et. al., Phys Lett A, 255 (1999) 
G.L Greene, et. al., Phys. Rev. Lett. 24, 819 (1986)
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The Neutron’s Gravitational Mass
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Equivalence Principle Test with Neutrons

The measurement of the neutron mass represents a 
determination of the neutron’s INERTIAL mass. To
determine the neutron’s GRAVITATIONAL mass, one 
must compare the free fall acceleration of the neutron 
with the acceleration g of macroscopic test masses:

Fn = mi an

mg g = mi an

mg / mi = an /g º g
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Falling Neutrons

For review see: Schmiedmayer, NIM A284, 59 (1989)
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Falling Neutrons

For review see: Schmiedmayer, NIM A284, 59 (1989)

The Equivalence principle has been checked 
with macroscopic masses in “Eotvos” 
experiment to sensitivities of  10-13.
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Solution to Schrödinger’s Equation

Stationary States:

is the nth stationary state

is the gravitational scale height

is the nth zero of the Airy function Ai(x)
(note αn are all negative)

is the normalization constant
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The Experiment:
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Neutron Interferometry

Slides Courtesy of Fred Weitfeldt 
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Perfect Crystal Silicon Interferometers

~10 cm
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Introduce a Phase Shift
into one leg. Could be:

1. Electromagnetic due 
to magnetic moment

2. Nuclear Force due to 
coherent scattering 
amplitude

3. GRAVITY
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Quantum Mechanical Gravitational Phase Shift

gimm
h

gA
2

2plf =D

A=Hl = Area of parallelogram

mi =  neutron inertial mass
mg = neutron gravitational mass

Test of the Weak Equivalence Principle in the Quantum Limit
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The Collela-Overhauser-Werner Experiment COW

Collela, Overhauser, Werner, PRL 34, 1472 (1975)
…
…
Littrell, Allman, Werner, Phys Rev A56, 1767 (1997)
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The Neutron Spin
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The Neutron has an Intrinsic Spin of s=½

1934  Schwinger concludes that s=½ based on the band spectrum of  
molecular D2 and the scattering of neutrons from ortho and para H2 .

1949 Hughes and Burgey observe the mirror reflection of neutrons 
from magnetized iron. They observe 2 critical angles definitively 
showing the neutron has two magnetic sub-levels. 

1954 Neutron Stern-Gerlach experiment explicitly demonstrates s=½ .

sL !"
#
=See also Fischbach, Greene, Hughes, PRL 66, 256 (1991) showing 
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The Neutron Charge ?



The Neutron Appears to be Neutral

J. Baumann et al., Phys. Rev. D 37, 3107 (1988)

Qn = (-0.4 +/- 1.1) x 10-21 e

Electric Field 
Neutron beam
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The Neutron Charge Distribution
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Neutrality does not Imply Uniformity

The neutron is a composite structure of  
charged quarks which may be distributed 
non uniformly within the neutron.

Fermi & Marshall suggested that 
the neutron should have a positive 
“core” and a negative “skin” due to 
virtual pion emission

Neutron Mean Charge Radius: ( ) 322 drrrrn ò= r
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Neutron Electric Scattering Form Factor

The Fourier transform of the neutron charge density     
is accessible from electron scattering.
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The Mean Square Neutron Charge Radius              .     
Constrains the Slope In Electron Scattering Experiments. 

(e.g. Bates, JLab,…)

( )2QGn
E

V. Ziskin, Ph.D. thesis, 2005
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G.A. Miller and J. Arrington Phys. Rev. C 78, 032201 (2008)

The neutron does have a static charge 
distribution with a positive “core” and a 

negative “halo’’
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Experimental Situation is in Disarray
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The Neutron Magnetic Moment
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“Naive” Quark Model
Static SU(6) Model:

1. Baryons wavefunctions are quark color singlets with correct symmetry

2. Baryon magnetic moments arise solely from the static sum of the quark moments

3. Individual quark moments are proportional to quark charges (i.e.                  ) du µµ 2-=
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WHY IS THE AGREEMENT SO GOOD?

Polarized electron, proton, and muon scattering experiments on H, 
D and 3He indicate that only 20-30% of the nucleon spin comes 
from the intrinsic spin of the quarks.

The spin structure of the nucleon is one of the outstanding 
problems at the interface between nuclear and particle physics.

Over the past 20 years more than 1000 theoretical papers have 
been published and major experiments have been carried out at 
practically all major accelerator laboratories.

The work is ongoing…

67.0-=
p

n

µ
µ

vs.)17(68497935.0-=
p

n

µ
µ

experiment theory



54

The Neutron Electric Dipole Moment
Wait for Lecture 4
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