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Oxford English Dictionary, 2nd Edition

Spallation

[f. SPALL v.1 + -ATION.]
1. Nuclear Physics. The detachment of a number of nucleons or small nuclei from a larger

nucleus, esp. as a result of the impact of an energetic nucleon or other particle. Freq. attrib., as
spallation product.

Spall

A chip or splinter, esp. of stone or ore. 

…1611  “the peeces which flie from stone in the hewing thereof.”…

Spallation

[f. SPALL v.1 + -ATION.]
1. Nuclear Physics. The detachment of a number of nucleons or small nuclei from a larger

nucleus, esp. as a result of the impact of an energetic nucleon or other particle. Freq. attrib., as
spallation product.

Spall

A chip or splinter, esp. of stone or ore. 

…1611  “the peeces which flie from stone in the hewing thereof.”…

Oxford English Dictionary, 2nd Edition



At ~8 GeV, each incident proton liberates ~250 neutrons



The Spallation Neutron Spectrum is Broad

(Courtesy,Gary Russell)



Spallation Neutrons and Spallation Science
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A spallation neutron source can produce
“useful” fluxes of neutrons over 
~15 orders magnitude in energy.
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Spallation Neutrons and Spallation Science
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The Spallation Neutron Source

Linac

Target Bldg

Site of 2nd target building

The SNS will begin operation in 2006 in Oak Ridge, Tennessee
Baseline design is 1.4 MW (1 GeV, 1.4 mA), 60 Hz operation
Initial facility will have 1 target station with 24 instruments



Mev Neutrons

Example: Radiation Effects in Semiconductors







Neutrons are the dominant reliability concern to 
semiconductor devices at aircraft altitudes.

Spallation neutrons are ideal for accelerated testing 
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Integrated Neutron flux above 1 MeV  ~ 106 n/cm2/sec

Data from Los Alamos Neutron Science Center



Accelerated Testing of Semiconductors 
Using Spallation Neutrons

Reliability tests using spallation neutrons helped to prove the air 
worthiness of the Boeing 777!

Boeing, Aerospatial, Texas Instrument, Intel, Lockheed, 
Hewlett-Packard, Digital Equipment, Fujitsu, Honeywell, Saab, 
Hitatchi,…are testing their chips using spallation neutrons.

Even the Bay Area Rapid Transit (BART) System has tested 
semiconductor switches for reliability using spallation neutrons!





keV Neutrons

Example: Stellar Astrophysics



The Stellar “S-Process”
A quasi-equilibrium slow (S) process in which nuclei are “cooked”
in the stellar interior (Temperature ~108K, Energy ~20keV). This 
process involves a complex competition between neutron capture 
and nuclear beta decay. 

↑
Z

N →

152 Gd 153 Gd   
241 d

154 Gd 155 Gd 156 Gd 157 Gd 158 Gd

151 Eu 152 Eu    
13 y

153 Eu 154 Eu    
8.6 y

155 Eu    
4.8 y

156 Eu    
15.2 d

147 Sm 148 Sm 149 Sm 150 Sm 151 Sm   
93 y

152 Sm 153 Sm   
46 h

154 Sm

147 Pm   
2.62 y

148 Pm   
5.4 d

149 Pm   
53.1 h

144 Nd 145 Nd 146 Nd 147 Nd   
10.99 d

148 Nd 149 Nd   
1.7 h

150 Nd



The S-Process is Complex!

To Determine the relative abundances of elements formed during the 
S-Process it is necessary to know:

1. Stellar Temperatures
2. Stellar Neutron Densities
3. Stellar Mass Densities
4. Beta Decay Lifetimes
5. Neutron Capture Cross Sections as a Function of Energy

- Especially for Radioactive Nuclei ! -

OR... if we know the nuclear properties, and astronomically determine 
isotopic abundances, we can understand what goes on in the interior 
of stars.



Resonance Structure is Very Important in the S-Process

Maxwell Distribution
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An intense pulsed neutron source is an ideal tool for 
the study of S-Process nucleosynthesis



meV Neutrons

“Neutron Scattering”



Why Neutron Scattering?

Low energy (meV) neutrons have wavelengths comparable to 
length scales associated with atomic order in condensed 
materials.

“neutrons probe the structure of materials”

Low energy neutrons have kinetic energies comparable to 
excitations (phonons, molecular vibrations/rotations,…) in 
condensed material

“neutrons probe the dynamics of materials”



DISCLAIMER

“Neutron Scattering” includes important activities in 
Solid State Physics, Crystallography, Mechanical Engineering,

Chemistry, Polymer Science, Biology, Geology,….

In the time allotted, it is not possible to do justice to
this extremely broad field of research



SNS Initial Instrument Suite



Example: Neutron Diffraction / Protein Crystallography

Neutrons scatter strongly from hydrogen and light elements 
whereas x-rays scatter strongly only from heavy elements



Isotopic Contrast Used to Determine Hydrogen Location

Neutron Diffraction Neutron Diffraction
Deuterated Sample

X-ray Diffraction

Shu, Ramakrishnan, and Schoenborn
PNAS 97 (8), 2000, 3872–3877



Structure of Myoglobin Determined Using X-ray Diffraction

Source: The Protein Data Bank
http://pdbbeta.rcsb.org/pdb/Welcome.do



Structure of Myoglobin Determined using Neutron Diffraction

X. Cheng and B. P. Schoenborn ((1990) Acta Crystallogr. B46, 196 et seq.). 
F. Shu, V. Ramakrishnan and B. P. Schoenborn ((2000) Proc. Nat'l Acad. Sci. USA 97, 3872-3877)



neV Neutrons

Example: The Neutron Electric Dipole Moment



An Electric Dipole Moment Violates T Non-Invariance
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EDM limits: the first 50 years
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EDM Statistical Sensitivity

mNET n
edm

1
∝σ

E    = Applied Electric Field
T    = Observation Time per run (∆ω≈T-1)
Nn = Number of neutrons observed per run
m   = number of individual runs 



Coherent (“Optical”) Interaction Between
Neutrons and Matter

Phase Shift            Index of Refraction



Neutron Index of Refraction

π
λ

2
Nb1n coh

2
2 −= ncos crit =ϕ

For sufficiently large neutron wavelength, λ, n=0 and cosφcrit =90°

This implies that neutrons will be reflected at all angles
and can be confined in a “bottle”



New Concept for Measurement of 
the Neutron EDM 

in a Superfluid Helium Bottle

(After Lamoreaux & Golub)

Collaboration Spokesmen:
M. Cooper and S. Lamoreaux 

Figure Courtesy of M. Cooper 
and the EDM Collaboration

• Polarized ultra-cold neutrons are trapped 
in a vessel filled with 4He.

• The Larmor precession frequency is 
measured as a function of electric field 

• The field is monitored by the precession.
of polarized 3He in the vessel. 



Spallation Science
Some things I did not talk about

Small Angle scattering - polymers, biological structures, composites,...
Reflectometry - magnetic thin films, polymers,…
Inelastic Scattering - chemical, lattice, and magnetic dynamics, 
Residual Strain, Material Texture, Engineering studies on composites..
Powder Diffraction and Crystallography
High temperature Superconductor studies
Giant magneto-resistance
Neutron radiography
Nuclear Structure Studies 
Neutron Beta Decay and CKM Unitarity
Parity violation and Quark-Quark weak interactions
AND MORE....



Advisory Note to Engineers (and Accountants)

A stopping target makes lots of neutrons, 
but it is quite expensive to get them out!

The production and extraction of useful beams of 
low energy neutrons (≤ 25 meV) require highly 
specialized neutron “reflectors” and cryogenic 
moderators that must be an integral part of the 

stopping target.

Such facilities will add considerable expense to the 
construction of the stopping target (several x $10M) 
as well as adding significant additional operational 

expense.



Target-Moderator System

Target Moderators

Proton Beam

Reflector









What about the Proton Driver?



Neutrons at the Proton Diver

Incontrovertible Fact: 

An  8 GeV, 2MW, 10 Hz proton beam could be used to make a 
truly outstanding spallation neutron source!

Some Practical Questions:

What is the additional cost of the “cold neutron” source? 
What is the cost of the neutron scattering spectrometers 

(~$15M each) and how would they be supported? (DOE BES?)
What would “p Driver” do that the SNS upgrade cannot?



SNS 20-Year Plan

The SNS is designed to allow operations with two target stations

Phase 1 – Power Upgrade
• 3-4 MW
• Completion FY09

Phase 2 - Long Wavelength 
Target Station (LWTS)
• 22 Instruments
• 440 – 880 kW
• 20 Hz
• Completion FY13



There are (at least) three opportunities 
that will not be addressed at SNS II

1. “Stand Alone” Ultra Cold Neutron Source

2. High Energy Neutrons for Chip Testing

3. Dedicated cold neutron source for n-n oscillations



Opportunity #1: “Stand Alone” Ultra Cold Neutron Source

• Add a kicker that can direct “a few” linac macropulses to a 
dense target every few minutes.

• UCN are produced in a block of Solid Deuterium placed near 
the heavy target and suitable reflectors and moderators.

LANSCE and PSI are already constructing and 
testing such systems.



Solid Deuterium “Superthermal” UCN Source at LANSCE

Figure from Los Alamos Neutron Science Center



Cryogenics Systems

Proton Beam

Solid D2 UCN Source

Solid Deuterium “Superthermal” UCN Source at LANSCE

Figure Courtesy of T. Ito



Opportunity #2: High Energy Neutrons for Chip Testing

• Add a beam line with a view to the stopping target, a heavy 
shutter, and a shielded room.

• Manufactures will pay REAL MONEY to test their chips!

LANSCE/WNR is currently the only facility in the world 
that can do accelerated chip irradiations.

An 8 GeV, 2MW Proton Driver will have x100 the flux



*Joint Electron Device Engineering Council

*



Opportunity #3 (?): Neutron-Antineutron Oscillations

• The stopping target at the Proton Driver would produce enough 
neutrons to significantly improve the limits on ∆B=2                  
n-n oscillations.

There is currently no prospect for this being at the SNS,
OR ANYWHERE ELSE!



PDG 2004







Table courtesy of Yuri Kamyskov Proton driver might do this well



A Humble Personal Opinion

The Proton Driver will produce significant numbers of neutrons and 
there are likely to be interesting and important scientific opportunities. 

Nonetheless, It seems likely that the Proton Driver will “live or die,”
irrespective of the case for neutron science.



A Humble Personal Opinion

The Proton Driver will produce significant numbers of neutrons and 
there are likely to be interesting and important scientific opportunities. 

Nonetheless, It seems likely that the Proton Driver will “live or die,”
irrespective of the case for neutron science.

The important thing for us to do is to insure that we do not 
unintentionally preclude interesting and important science.



End of Presentation
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