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The characteristics of optimized laser-Compton 
gamma-ray sources enable “nuclear photonics”



Nuclear resonance fluorescence is easily excited 
narrowband laser-Compton sources

Nuclear Resonance Fluorescence depends upon the number of protons and the 
number of neutrons in the nucleus and is an isotope-specific material signature



Intrinsic NRF widths are of order meV but are 
thermally (Doppler) broadened to of order eV

Selective excitation of NRF transitions is possible with laser-Compton gamma-ray 
source bandwidths of order ∆E/E ~ 10-3 

NRF ~ 10-5 - 10-6  ∆E/E 



Medical Imaging
low density & isotope specific

Industrial NDE
micron-scale & isotope specific

Dense Plasma Science
isotope mass, position & velocity

Potential NRF-based Applications of Bright Gamma Sources 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

US patent #7,564,241 Barty, Hartemann, McNabb & Pruet - detection, assay and imaging with MEGa-rays
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Spectral Density is the key source metric for most NRF applications

Inverse Fractional Source Bandwidth

The source figure of merit for MEGa-ray detection/assay/imaging missions is
FoM = (Resonant Photon Density) / (Fractional Source Bandwidth)
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New applications become viable with increasing Spectral Density

Inverse Fractional Source Bandwidth

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 
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1.7 x 1024 ph/cm2 @ 532 nm in a 100 micron spot = 44 J!

A photon flux of 1.7 x 1024 ph/cm2 = “unity” efficiency

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

γ0 = E0/mec2



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

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



Barty - AIW Idaho Falls

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

US patent #8,068,522 Barty - Hyperdispersion Chirped Pulse Amplification and Compression
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High-flux, laser-Compton scattering arrangements perturb the 
laser pulse energy very little during the interaction

Recirculation can give > 20x increase in Compton photon production for “free”
RING positioning requirements are 10,000x less stringent than Cavity schemes

US patent #8,068,522 Barty - Hyperdispersion Chirped Pulse Amplification and Compression

Recirculation Injection by Nonlinear Gating (RING)
patent pending



Highly collimated - reduces bandwidth, complexity of photon gun drive 
laser, interaction laser and system timing but requires high energy laser

patents pending

2011 multi-GHz, multi-bunch laser-Compton source concept

Concept patent pending

Seed source patent pending
< 5 micro rad



LLNL’s “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

Concept patent pending

Seed source patent pending
~1013 ph/s

patents pending



Barty - AIW Idaho Falls SHSGA May 2009 

Lawrence Livermore National Laboratory

Many applications also require that the underlying 
technologies be robust and compact



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



RF Power combines the best of SLAC klystron 
technology & commercial solid state modulators



Performance of the XL4 klystron and ScandiNova 
modulator exceed all of our requirements



Worldwide high power x-band sources

KEK
UCLA

PSI

Elettra-Trieste

CERN CLIC

SLAC XTA LLNL B194

BNL
SLAC LCLS

Traditional PFN Modulator
High-stability solid-state Modulator



Worldwide high power x-band sources

KEK
UCLA

PSI

Elettra-Trieste

CERN CLIC

SLAC XTA LLNL B194

BNL
SLAC LCLS

Traditional PFN Modulator
High-stability solid-state Modulator

LLNL set up is currently the only facility where high quality x-band RF is 
coupled with state-of-the-art structures to produce beam 



Photo-gun and first section



X-band photo-gun evolution

Mark 0 Mark 1

LLNL/SLAC 5.59 cell x-band gun 
design lead - Roark Marsh (LLNL)

SLAC 5.5 cell x-band gun             
designed by Arnold Vlieks (SLAC)

200 MV/m



X-band photo-gun evolution

Mark 0 Mark 1

LLNL/SLAC 5.59 cell x-band gun 
design lead - Roark Marsh (LLNL)

• Longer Half cell for lower final emittance

• Better mode separation for less mode 
beating on cathode surface

• Elliptical irises for lower peak surface 
electric field

• Dual feed racetrack coupler for minimized 
RF quadrupole kick

• Optimized beta for a balance of fast gun fill 
time and low pulsed heating



Multiple Codes were used to design and verify the 
Mark 1 x-band RF photo-gun

• Pro/Engineer and Solidworks
— Mechanical design

• Superfish
— Fast 2D axially symmetric gun optimization

• PARMELA, GPT, ASTRA, Impact-T
— Beam dynamics

• Ansoft HFSS
— Full 3D microwave design, frequency domain

• ACE3P
— Suite of 3D parallel SLAC codes
— CUBIT mesher, Omega3P, S3P, T3P, PIC3P, ParaView postprocessing
— Final benchmark and verification



Redesigned longer half cell for optimized 
brightness

Optimized launch phase and solenoid strength
Beam parameters: Q = 250 pC, τφ = 10 deg. 
200 MV/m cathode field

RF gun

Emittance
compensation Accelerator

section

PARMELA results

Emittance optimized at 0.59 
cell length



9 MHz separation: Clear co-excitation

Mark 0 Measurement

Calculated mode separation is greater than Mark 0 

• Original Mark 0 design provided <10 MHz separation

• Redesign of iris geometry achieves 25 MHz spacing

Mark 1 Design

25 MHz separation: Distinct modes



Iris geometry was changed from circular to 
elliptical and optimized

• Ellipticity for Mark 1 RF gun: major/minor = 1.8

radius major
radius

minor
radius

Circular Elliptical



Electrical performance difference

• Figure of merit: ratio of peak axial electric field to peak surface electric field 
on iris

Axial Field for Circular Iris

Ratio of 0.92

Axial Field for Elliptical Iris

Ratio of 1.04

Peak axial field improvement of >10% for the same peak surface electric field



B194 X-Band 
Test Station



High efficiency cathode materials reduce the 
requirements for the photo-gun drive laser

A high QE photocathode material allows more 
charge and reduces laser power requirements 

•  A gun design with a 
removable cathode is 
needed 

•  Mg cathodes need to be 
tested with 200 MV/m 
surface field 

Gibson — FY12 ALOSA ER Reviews 12 

Mg QE Demonstration 

10-4 QE demonstrated in S-Band gun 
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We will collaborate with SLAC on removable cathode design and perform 
cathode survivability tests in FY14 ($259k) 



Barty - AIW Idaho Falls

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

Ultra-low Emittance Photogun

Fully Symmetrized w/ Mg Cathode



100 fs rise time, 10 ps flat top pulses

Hyper-Michelson Pulse Shaper

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



Barty - AIW Idaho Falls

Robust Fiber Front end

 <100 fs pulses locked to S-band RF

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



Fiber lasers at LLNL

Mercury LBNL

TREX NIF ARC



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



LLNL fiber facilities
• Fiber fabrication

— 8.2m draw tower
— Preform assembly fixtures
— Glass working lathe



Recent work

• Discerned laser limits1

• Fabricated ribbon fiber2

• Launched high-order modes3

• Built, tested lasers4

• Designed new type of fiber5,6,7

1. J. Dawson et al, Opt. Exp. 16 13240-13266 (2008).
2. D. Drachenberg et al, Opt. Exp. 21 11257-11269 (2013).
3. A. Sridharan et al, Opt. Exp.  20 28792-28800 (2012).
4. D. Drachenberg et al, submitted to Opt. Express (2013).
5. M. Messerly et al, Opt. Exp. 21 12683-12698 (2013).
6. M. Messerly et al, Optics Letters 38 3329-3332 (2013).
7. P. Pax et al, submitted to Optics Letters (2013).
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Nd:YAG could be ideal for a drive laser

● Routinely used to produce few-ns long multi-Joule laser pulses
● Sufficient bandwidth for ps pulses: 120 GHz (~0.5 nm)
● Requires stretching < 1 nm to a few ns

Koechner and Bass, Solid-State Lasers, Springer-Verlag, New York
(2003)
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CPA with narrow-band pulses requires very large
dispersion

Standard Compressor

Hyperdispersion Compressor

US patent #8,068,522 Barty - Hyperdispersion Chirped Pulse Amplification and Compression
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T-REX Interaction Laser demonstrated
Hyperdispersion Stretcher/Compressor

● Commercial flashlamp-pumped heads
● Seeded with fiber system similar to PDL front end
● Laser System Parameters

— 0.8 J / 1064 nm / 10 Hz
— 0.3 J / 532 nm / 10 Hz

● Amplified 1064 nm pulse has 0.2 nm bandwidth

Commercial Nd:YAG heads

Hyperdispersion
CompressorThree Continuum

Amplifier Heads

10’

US patent #8,068,522 Barty - Hyperdispersion Chirped Pulse Amplification and Compression



Commercial diode pumped laser heads are now 
capable of several 100 W cw operation
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Commercial diode pumped amplifier modules are now capable of
several hundred watts (CW operation)

Rod Fluorescence
showing gain uniformity

Diode pumped amplifier head w/ 1 cm
diameter x 14.6 cm long Nd:YAG rod

In pulsed mode these heads should be capable
of joule level operation



Our custom, diode-pumped solid state laser 
architecture is capable of > 1J per pulse @ 120 Hz

 



LLNL is currently constructing a 120 Hz, 10 J, 
Nd:YAG laser for fusion optic lifetime studies

Pre-amplifier

Oscillator

Diode array Pumped Nd:YAG
power amp, 10 J, 120 Hz

A 10-J 120-Hz ILS laser would be an image-relayed power-amplifier
architecture similar to Mercury and LIFE

Lawrence Livermore National Laboratory 1 
P408843.ppt – Dunne – Russia Engagement, 011414 

GOLD System under construction – giga-shot, multi-year test campaign 

� 120 Hz, >10 J operation 

� Low fluence design – providing a robust source to test optics 

� Of immediate-term application to facilities such as ELI 

Optics durability over billions of shots  
will be key 

Commercial

GOLD 

1Z Performance

100 Hz amplifier front-end DPSSL performance to exceed kW 

GOLD 



< 5 micro rad

~1013 ph/s

100% overlap
“Unity”

Conventional mirrors
NO interferometry required

Any color interaction
Intrinsically synchronized




