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Gamma-ray absorption & radiation by the nucleus is 
an “isotope-specific” signature of the material

NRF energy is dependent upon the number of protons AND the number of neutrons in the 
nucleus and involves interactions with BOTH the strong & EM forces



Selective excitation of NRF is possible with narrow 
bandwidth gamma-rays (∆E/E ~ 10-3)

NRF ~ 10-5 - 10-6  ∆E/E 

NRF energy is dependent upon the number of protons AND the number of neutrons in the 
nucleus and involves interactions with BOTH the strong & EM forces



NRF transitions are common and many have cross 
sections larger than the atomic background
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Gammas in the 1 MeV to 3 MeV range are both highly penetrating and non-activating



At higher gamma-ray energies (>5 MeV) photons 
can also split/fission the nucleus



Laser Compton back scattering off of high energy 
electrons can produce tunable gamma-rays

Energy-momentum conservation yields ~4γ2 Doppler upshift

γ0 = E0/mec2



1965 First Light: 8 photons



The Thomson cross section for laser-electron 
scattering is very small: 6 X 10-25  cm2

High photon and electron densities are required 

γ0 = E0/mec2



Barty - AIW Idaho Falls

High-flux, laser-Compton scattering arrangements aim to produce 
high photon & electron densities at a common focus

At 250 MeV, scattered radiation is Doppler upshifted by ~1,000,000x and is 
forwardly-directed in a narrow, polarized, tunable, laser-like, gamma beam 

“Symmetric” scattering 
Laser duration = electron duration 
~ nC per bunch, J per laser pulse 
108 Compton photons per pulse 

repetition 10 Hz to 100 Hz 

e-
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High-flux, laser-Compton scattering arrangements aim to produce 
high photon & electron densities at a common focus

To first order no laser photons are used in laser-Compton scattering and the 
laser pulse may be reused to interact with subsequent electron bunches



Overall Compton scattering is broadband, but it is 
highly angle correlated and is ‘narrowband’ on axis
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Overall Compton scattering is broadband, but it is 
highly angle correlated and is ‘narrowband’ on axis
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few µrad “Mono-Energetic Gamma-rays” - MEGa-rays



Many factors contribute to the minimum possible 
laser-Compton bandwidth that can be obtained

O(10-4)

O(10-4)

< 10-4



Modern, high gradient accelerators can create very 
small emittance & low energy spread at low charge



For low emittance e-beam and ps laser pulses, the 
dominant bandwidth factor is detection aperture
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few µrad “Mono-Energetic Gamma-rays” - MEGa-rays

Optimally designed sources can have 
fractional bandwidths of ~10-3 FWHM

250 MeV electrons, 25 pC bunches 
0.15 mm-mrad minimum emittance



The characteristics of optimized MEGa-ray sources 
are unprecedented and enable “nuclear photonics”

isomer physics and 
spectroscopy

γ-ray

photo-fission and 
transmutation

micron-scale, ps-duration 
pulsed neutron sources

ps-duration, pulsed 
positron sources



Barty - AIW Idaho Falls

The T-REX (Thomson-Radiated Extreme X-ray) 
project created LLNL’s first MEGa-ray source



2008 World’s highest peak 
‘brilliance’  

0.5 MeV - 1 MeV beam 

Collimated & polarized

Beam profile:  6 x 10 mrad2

Tunable

Tuned with e beam energy
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Barty - AIW Idaho Falls

2008 World’s highest peak 
‘brilliance’  

0.5 MeV - 1 MeV beam 

The T-REX (Thomson-Radiated Extreme X-ray) 
project created LLNL’s first MEGa-ray source



MEGa-ray Source

Transmission-based detection was used for our 
initial material detection experiments
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Transmission-based detection was used for our 
initial material detection experiments
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Single Photon SpectroscopyHowever, single-photon-counting 
spectroscopy is not well suited to 
high-flux/pulse, MEGa-ray sources

>106 photons/pulse

1/10th photon/pulse

Notch Absent

originally suggested by Prof. W. Bertozzi of MIT and Passport Systems



Transmission-based detection was used for our 
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Dual Isotope Notch Observation (DINO) eliminates 
the need for high resolution spectroscopy
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US patent #8,369,480 Dual isotope notch observer for material identification, assay and imaging 
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7LI

Dual Isotope Notch Observation (DINO) eliminates 
the need for high resolution spectroscopy

MEGa-ray Source

Shielded 
Container

Beam Monitor

Li7 

Detector

ΔE/E = 10-3 ΔE/E = 10-6

 U foil

6LI

Calorimeter Calorimeter

Differential Calorimetry

Notch Present

This technique not only avoids single 
photon spectroscopy but also enables 
precision ASSAY as well as detection
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US patent #8,369,480 Dual isotope notch observer for material identification, assay and imaging 



MEGa-ray sources and DINO detectors could transform 
our ability to assay nuclear fuels & monitor nuclear waste



   The primary research challenge and opportunity in characterization 
 is nondestructive assay of plutonium and other isotopes in the high- 
 radiation environment that is typical of most spent fuels...  



We are currently designing DINO detectors for Pu 
and U detection and assay applications

MC model of single-stage DINO detector system* (COG):

“Rotating target wheel” approach

Design considerations include dimensions & configuration of the witness “pins”, solid 
angle & composition of the calorimeter, thickness & composition of Compton liner, etc...



Proper design of the Compton liner can increase the 
ratio of NRF to background seen by the scintillator

NRF / total  ~  0.3% NRF / total  ~  5.4% 



Precision assay and imaging of nuclear fuel is 
possible via resonant MEGa-ray absorption

Monte Carlo simulations using COG

Fuel rod with density and 
enrichment defects

Simulation Test Object

Can only identify the 
presence of density defects

Conventional x-ray Image

Variations in enrichment can 
be seen & measured

1.73 MeV MEGa-ray Image

over enriched
voids

low density under enriched

fuel

casing

Simulations indicate that the enrichment of fuel rods could be measured to ~3% accuracy 
in 5 to 6 minutes with future MEGa-ray sources and DINO detector arrangements



NRF-based materials evaluation will be much 
easier elsewhere in the periodic table

The ratio of the NRF to 
background cross section 

for many materials is 
significantly greater than 

that for the actinides



�43

MEGa-rays could provide a rapid, element-specific, non-chemical 
approach to segregation and assay of REE mining materials

MEGa-rays penetrate the gangue and are absorbed 
by element (isotope) specific nuclear resonances of 
the material to provide a definitive and quantitative 
indication of the presence and amount of specific 
desired materials 

US patent #7,564,241  
detection, assay and imaging with MEGa-rays

US patent #8,369,480  
Calorimetric resonance detector

Patent Pending 
rapid material sorting with MEGa-rays



Medical Imaging!
low density & isotope specific

Industrial NDE!
micron-scale & isotope specific

Dense Plasma Science!
isotope mass, position & velocity

The Potential NRF-based Applications of MEGa-rays and DINO are Numerous

Nuclear Fuel Assay!
100 parts per million per isotope

Waste Imaging & Assay !
non-invasive content certification

HEU Grand Challenge!
detection of shielded material



Compact, mobile or relocatable MEGa-ray 
sources are desired in many applications

Desired MEGa-rays:!
1.73 MeV photons!

(250 MeV electrons)!
106 ph/s/eV flux!
0.1% bandwidth!

Truck size or smaller



Barty - NIF Summer Scholars Seminar �46

Current S-band 125 MeV LINAC is 20 meters longS-band ~ 4 GHz 
10 MeV/m

120 MeV

 Conventional S-band RF technology can be 
scaled to higher flux but will never be compact 

enough for many applications

Desired MEGa-rays:!
1.73 MeV photons!

(250 MeV electrons)!
106 ph/s/eV flux!
0.1% bandwidth!

Truck size or smaller



Laser wakefield “accelerators” can be extremely 
small but have large energy spreads and will 

require very large, complicated lasers to scale
S-band LINAC 

10 MeV/m
Laser Wakefield  
10,000 MeV/m!

Desired MEGa-rays:!
1.73 MeV photons!

(250 MeV electrons)!
625 106 ph/s/eV flux!
60% 0.1% bandwidth!
Truck size or smaller



Barty - NIF Summer Scholars Seminar

X-band LINACs at SLAC have demonstrated 180 MeV/
m gradients with high reliability

> 120 MeV?

High gradient x-band technology developed at 
DOE’s SLAC National Accelerator Lab enables 

compact, high flux MEGa-ray machines
S-band LINAC 

10 MeV/m
X-Band ~ 12 GHz  

Grad > 100 MeV/m

Desired MEGa-rays:!
1.73 MeV photons!

(250 MeV electrons)!
106 ph/s/eV flux!
0.1% bandwidth!

Truck size or smaller



The key metric for isotopic applications is “Specific Spectral Density”   
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FoM = (Resonant Photon Density) / (Fractional Source Bandwidth)
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Isotope-Specific Assay

Isotope-Specific Tomography

Precision, Non-destructive Isotope Imaging

Isotope-Specific Medical Radiography & Radiology

Line-width-resolved, nuclear spectroscopy

Gamma optics R&D

Isotope Detection 

PoP Detection

Isotope Assay PoP 



2013 “Picket Fence” multi-GHz, laser-Compton source concept

This configuration enables near “unity” efficiency, operates with high beam 
current, minimizes bandwidth and is intrinsically synchronized to RF clock

potential bandwidth = 0.1% 
effective repetition rate = 240 kHz 
FOM > 1,000,000x that of T-REX

Concept patent pending

Seed source patent pending



“CW” method for generation of 11.424 GHz, 
synchronized train of picosecond IR pulses



“CW” method for generation of 11.424 GHz, 
synchronized train of picosecond IR pulses



LLNL has designed & constructed a compact x-band accelerator in order to develop 
& demonstrate advanced, high-flux, laser-Compton x-ray & gamma-ray architectures 

B194 X-Band 
Test Station



LLNL has designed & constructed a compact x-band accelerator in order to develop 
& demonstrate advanced, high-flux, laser-Compton x-ray & gamma-ray architectures 
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Barty - AIW Idaho Falls SHSGA May 2009 

Lawrence Livermore National Laboratory

X-band accelerator and diode-pumped laser technology will 
enable compact and relocatable MEGa-ray sources



A path to extreme MEGa-ray capability has been defined at LLNL
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LLNL Nuclear Photonics Facility



VELOCIRAPTOR

Very!
Energetic!
Light for the !
Observation and!
Characterization of!
Isotopic!
Resonances and the!
Assay and!
Precision !
Tomography of !
Objects with !
Radiation B391 Nova Target Bay

LLNL’s planned Nuclear Photonics Facility (NPF) would house the world’s first  
“purpose built” MEGa-ray capability and will develop compact and rapid, 

isotope-specific material detection, assay and imaging technologies



B391 Nova Target Bay

1.5 J @ 120 Hz

LLNL’s planned Nuclear Photonics Facility (NPF) would house the world’s first  
“purpose built” MEGa-ray capability and will develop compact and rapid, 

isotope-specific material detection, assay and imaging technologies
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Institute Laue Langevin 
Double Xtal Monochromator



Next generation MEGa-ray projects are now 
emerging to pursue isotope science & applications

Livermore Fukushima

Bucharest

NPF



ELI NP -  ELI Nuclear Physics!
Bucharest, Romania!
293M euro project will include a !
1MeV-20MeV MEGa-ray beam line

ELI-NP





• Laser-Compton gamma-ray sources are becoming for the “isotope” what 
the laser was for the “atom”  

!

!

!

!

• Mono-energetic gamma-rays enable novel, isotope-specific material 
detection, assay & imaging capabilities for a wide range of applications  

• New nuclear science and nuclear engineering opportunities are emerging

The age of “Nuclear Photonics” is upon us

γ-ray

photo-fission and 
transmutation

micron-scale, ps-duration 
pulsed neutron sources

ps-duration, pulsed 
positron sources

isomer physics and 
spectroscopy




