Beyond the Synchrotron: The Dawn of
Laser-Compton X-ray and Gamma-ray Science

Norman Rostoker Distinguished Lecture
University of California, Irvine

Dr. C. P. J. Barty
Chief Technology Officer
National Ignition Facility & Photon Science Directorate
Lawrence Livermore National Laboratory
Livermore, California
April 10, 2014

This work parformed under the auspices of the U.S. Deparntment of Energy by Lawrence Livermare National Laboratory under Contract DE-AC52-07NA27344

_ San Francisco
(45 miles)




LCGS
World's highest flux
laser gamma source

—= under construction

T-REX

&t \World's brightest laser

gamma-ray source

Heat Capacity Laser
World's highest
average power solid
state laser

Mercury
World’s highest
average power
10Hz laser

Nova Petawatt
World's highest peak

 San Francisco
e G S

)

Nova X-ray Laser
World's first soft

x-ray laser

AVLIS

World's highest
average power
tunable laser

E-23
Highest

1 average power
petawatt laser
in construction

World's highest
A energy PW

system in

construction




40,000+ person-years of lasers and optics activities
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Laser Compton back scattering off of high energy =
electrons can produce tunable, high energy photons
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1965 First Light: 8 photons

PHYSICAL REVIEW VOLUME 138, NUMBER 6B 21 JUNE 196§
High-Energy Photons from Compton Scattering of Light on 6.0-GeV Electrons*
Carro Bemporanf, Ricnarp H. MILBURN, AND NoOBUYUKI TANAKA
Depariment of Physics, Tufts University, Medford, Massachusetls
AND
Mircea Forino
Cambridge Eleciron Accelerator, Harvard Universiiy, Cambridge, Massachusells
(Received 28 January 1965; revised manuscript received 1 March 1965)
Compton scattering of optical photons on 6.0-GeV electrons has been observed at the Cambridge Electron
Accelerator. A giant-pulsed ruby-laser burst of 0.2 J, impinging upon a 2-mA circulating electron current,
was observed to yield about 8 scattered photons per pulse. These photons acquire, through a twofold
Doppler shift, energies of hundred of MeV, and are expected to retain to a high degiee the polarization of
the laser beam. The observed yield is compatible with predictions based upon the theory of Compton
scattering.
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Thomson cross section is very small ~ 6 x 10-25 cm?2




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

High-flux, laser-Compton scattering arrangements perturb the
laser pulse energy very little during the interaction

Recirculation can give > 50x increase in Compton photon production for “free”
RING positioning requirements are 10,000x less stringent than ‘cavity’ schemes




Overall Compton scattering is broadband, but it is L]
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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Overall Compton scattering is broadband, but it is
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Overall Compton scattering is broadband, but it is

=
highly angle correlated and is ‘narrowband’ on axis E

o (Y

few mrad

=

_ =

Ll

0.8
0.6|
%
=
£
< 04
>
@
<
2
£
0.2
o0 0.5 0.6 0.7 0.8 0.9 1.0
Normalized y-ray energy

Overall Compton scattering is broadband, but it is ]
highly angle correlated and is ‘narrowband’ on axis
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Many factors contribute to the minimum possible

bandwidth*
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Many factors contribute to the minimum possible
bandwidth*
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Radiation fpressure can sig_nificantaf change the ]
velocity of the electron during scattering
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F. V. Hartemann, D. J. Gibson, S. G. Anderson, A. M. Tremaine, P. T. Springer, A. J. Wootton, E. P. Hartouni, and C. P. J. Barty, “High-energy scaling
of Compton scattering light sources," Physical Review Special Topics-Accelerators and Beams 8, 100702(100717) (2005)




Nonlinear broadening at low intensity can also be
an issue under certain long pulse conditions

PRL 105, 130801 (2010) PHYSICAL

REVIEW
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Low-Intensity Nonlinear Spectral Effects in Compton Scattering

Frederic V. Hartemann, Félicie Albert, Craig W, Siders, and C.P. ). Banty
Lawrence Livermore Nosional Laborasory, Livermore. California.
(Recaived 23 February 2010: publissed
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arbitrarily Jow values of A, if the fract

Easer pulse. and their inflacace on high-procision Complos satiering light sources.

DOL: 10110 evLem 10513080

Rapid advances in terawati<lass hser wchnology (1]
and high-brghtess, high-pradient electron accelerators
12] are enabling the development of a new type of light
source based on € a scatiering [3), where relasivistic
electrons interact with a coberent phoson field 1o generate
bright, ultrafast, tunable x rays and y mys [4.5). These
compact sources are a matural complement 10 langer-scale
3nd and 4th generation light sources (6], and provide a
mean 10 gencrate MeV-seale photons with unprecedestad
spectral brightness.

Among other imponant features, such s wide tunabdlity
and ultrashort pulse capability, Compion scaliering x-ray
and y-ray sources offer the potential of generating highly
coerelated, sarrow band radiation in 3 very small solid
e. This charcieristic is desirable for 3 number of
ications, including meclear rescmance fluorescence
17] or peotein crystallography [8). Therefore, the focus of
this work is the physical ceigin of spectral broadening
mechanisms in Compion scatiering, with a special empha-
sis on nonlimear effects and recoil, and their infloence oo
the performance of high-precision Compion scattering
light sources.

In this Lemer, three novel results are presented. (1) A
covariant form of the adiation formula is given, including
4 quantum coerection term shown %0 yield the proper recoil
foe the interaction, aking with a gauge imvariant, covariast
definition of the &.polasization (9. (2) We demsanstrate
that, while soelinear effects are known 1 occur in light
sources when the wiggler paameter, or normalized
4-potential A, approaches uaity, nonlinear spectral features
can also appear at arbitrarily Jow values of A, if the frac
ticaal bandwidth of the laser pulse A¢~" is sufficiently
small and satisfies the comSition A*Aé = 1. (3) A fully
e o DL o of o) Heosiohe

incar effects are known 1 occer in Compen scasering
poseatial A spproaches usity. In s Letiee, it is shows that
1 bandw
satisfy A*A@ = |, A three-dimensional analysis, based om a local plase wave, dow-varying ewelope
appeoximation, enables the study of these effects for realissic interactions between an clectron beam and &

94550, USA
Septeber 2010)

sources, when e laser normalized

se spocteal features can sppes o
the kmer pulse 347 is sufficiently small to

PACS nusibes

£5-m, 4160CK, 42725

electron 4-velocity, 7 is the proper time along the cle]
won 3-traectory, and A, is the radiation 4-posessial, med
sured in units of myc/ e. The normalized vector potentiall
then A = J=AA", most commonly described in pra
tical wnits: A = 85 % 107 A [uml/'2[W/cm?], whef
my is the electron mass,  the speed of Bight, A, the kg
wavelength, and [ the haser inteasity. An exact solutid
w0 this equation has been derived [10], and the electnf
&-velocity in a laser field can be obtained in a covaria
form that is valid in any reference frame and for sery initf
A-velocity w),

w, =l +A

k(A A7 + 2u5)/20 )
where k, is the incident kaser 4-wave vector. o), con|
sponds 1o the hallistic trajectory, dul/dr = 0. Noalin
spectra can be derived from this result: the covaria
radiation formula describes the number of phosons scd
tered per unit frequency and solid angle

a ol [ wsres
| [T

@ is the fine stacture constant; w, and g, wc d
S-polarization and the 4-wave member of ®e scatien|
radiation; x,,(7) is the electron 4trajectory that is obeaing
by integrating the 4-velocity. For an incident plane wave,
is useful to use the electon phase, & = k0~ as o
independent vaniable. We also introduce the incident lig}
cone varisble [11]. defined by x = dé/dr =k, &
L u". By using Eq, (1) the Losentz gaupe kA% =
and the dispersion relation &, 4% = 0,  is shown
constant Hence, wu(r) = Lu,(d), x
JEdw, and Eq. (2) sow reads
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Hartemann, F. V., F. Albert, C. W. Siders and C. P. J. Barty. "Low-intensity nonlinear spectral effects in Compton scattering." Physical Review Letters 105(13): 130801. (2010)
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Modern, high gradient accelerators can create very =]
small emittance and energy spread at low charge

25 pC electron beam phase space

25 pC e~beam energy distribution
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Many factors contribute to the minimum possible =]
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Optimized laser-Compton sources enable “lab- =]
scale” x-ray science and “nuclear” photonics
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Optimized laser-Compton sources enable “lab- =]
scale” x-ray science and “nuclear” photonics

“atomic” “nuclear” : P
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Optimized laser-Compton sources enable “lab- ]
scale” x-ray science and “nuclear” photonics
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ps-duration, pulsed isomer physics and photo-fission and micron-scale, ps-duration
positron sources spectroscopy hqg transmutation pulsed neutron sources

D. Habs, T. Tajima, J. Schreiber, C. P. J. Barty, M. Fujiwara, and P. G. Thirolf, “Vision of nuclear physics with phot | i by laser-driven gamma beams," EPJ D 55, '09




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

Excited nucleus
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Incident y-ray

Relaxation:
Fluorescence

Time

Nuclear Resonance Fluorescence (NRF) is analogous to atomic resonance fluorescence
but depends upon the number of protons AND the number of neutrons in the nucleus

Selective excitation of NRF is possible with narrow &
bandwidth gamma-rays (AE/E ~ 10-%)

8215

“Se(vy)

1k

| l‘NR|=~1o-5-1o*3 AEIE |
R

L §
[ W 4s SE 2 o i -4 3
. PR ol F;;: i® et L“: e
Excited , e Mg ]

COUNTS

”\ﬁvﬂu A

| A
Incident y-ray

Relaxation:
Fluorescence

Time

Nuclear Resonance Fluorescence (NRF) is analogous to atomic resonance fluorescence
but depends upon the number of protons AND the number of neutrons in the nucleus




NRF transitions are common and many have cross ]
sections larger than the atomic background

NRF/Atomic

200 Maxtransparency” Photo-fission

Mass Number

50
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NRF Energy MeV

Gammas in the 1 MeV to 3 MeV range are both highly penetrating and non-activating

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




Bright, mono-energetic, gamma-ray sources enable
new possibilities: “Inverse Density” radiography

| 2

« X-ray absorption is proportional to
electron density/atomic number

* IF the x-ray can penetrate the high-
Z material, it is not stopped by the
low-Z material

* Low-Z materials are effectively
shielded by dense, high-Z material

Precision imaging of low density material features inside of high density
components is not feasible with conventional x-ray radiography

| Monte Carlo simulations using CO6 |

L
Imaging simulations (shielded low-Z material) L%

Shielded low-Z NRF test object (a)

| 2.2cm @ W shell (2 mm wall)
-——-—'_'_'_'_‘_‘—_
“Crown erosions” @ T&B

— 125 pm (T), 50 ym (B)
[ Natural LiH salt core (92.5% 7Li)

—. 0|

\

| 1 mm thick letters (void)

Resolution grids (absorber)
—40-4lp/mm(TtoB

— B |
| Step wedges (void)

\ — 125 - 1000 pm thick (B to T)

NI

3 e/atom ™y, Spherical voids
— 125 - 1000 pym @ (T to B)
74 efatom | “Crownerosions” @ T&B

— 125 pm (T), 50 ym (B)




| Monte Carlo simulations using CO6 |

Imaging simulations (shielded low-Z material)

| 2

Shielded low-Z NRF test object (a)

2.2 cm @ W shell (2 mm wall)

“Crown erosions” @ T&B
— 125 pym (T), 50 pym (B)
Natural LiH salt core (92.5% 7Li)

1 mm thick letters (void)
Resolution grids (absorber)
—40-4Ilp/mm(TtoB
Step wedges (void)
— 125 - 1000 pm thick (B to T)

Spherical voids
— 125 - 1000 ym @ (T to B)

“Crown erosions” @ T&B
— 125 pym (T), 50 pym (B)

| Monte Carlo simulations using CO6 |

Brem x-ray image (normalized*)

Simulation of 0.478 MeV NRF image vs. 9 MeV e- | 1

0.478 MeV NRF Image Simulation
(Enhanced 7Li Density)

9 MeV e-Brem X-Ray
Image Simulation

High-Z shell:
EDep ~ 0.117 MeV/y
RDose ~ 1.060E-07 uSv/y

High-Z shell:
EDep ~ 0.215 MeV/y
RDose ~ 4.276E-07 uSv/y

* The images have been normalized such that the open-field intensity in each case is = 1 (arbitrary units)

Hall, J., V. Semenov, F. Albert and C. P. J. Barty. “Numerical Simulation of Nuclear Materials Detection, Imaging and Assay with MEGa-rays.”
Proceedings of the 52nd Annual Meeting of the Institute for Nuclear Materials Management Vol 3. 2673-2682. (2011)




Potential NRF-based Applications of Bright Gamma Sources are Numerous
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HEU Grand Challenge Nuclear Fuel Assay Waste Imaging & Assay
detection of shielded material 100 parts per million per isotope non-invasive content certification

Industrial NDE Medical Imaging Dense Plasma Science
micron-scale & isotope specific low density & isotope specific isotope mass, position & velocity
US patent #7,564,241 Barty, Har nn, McNabb & Pruet - d ion, assay and i ing with laser-Compton gamma-rays

Finding shielded Highly Enriched Uranium (HEU) is =]
a grand challenge

Lead Attenuation

g Long half-life: 7 x 108 y

°°E" Few mm of lead Low-energy signal: 186 keV
_ = blocks decay
S 10| radiation.
E -
2
3 10.2 uranium
c
2
S 103
c
@
) =

104

10° | :
‘ ‘ 0 500 1,000 1,500 2,000 2,500
LU 1 LU LI | | I} ilo- -
101 10 160 1000 20000 Energy (kilo-electron-volts)
Energy (keV)

Passive detection of decay signature is easily defeated by mm’s of lead shielding




» Worldwide sea-faring cargo c;ontain;r fraffic: 48,000,000/year
* 3 containers shipped/received every 2 seconds!
* No present method reliably detects weapons grade Uranium

Conventional MeV-range ra(_iio?raphic inspection ]
can image through thick objects

Visually powerful but unable to distinguish
one material from another, i.e. cannot tell if
SNM (special nuclear material) is present




MEGa-ray beam gbsorﬁtion could be used to rapidl LI
& safely distinguish SNM from background materials

Using MEGa-ray technologies currently
under development, identification of a
~5mm thick piece of 235U would take << 1s

7 ’*ﬁ /
[ 57 4

B ai - W e

Numerical analysis suggests that active (but not “activating”) SNM detection could be
accomplished with MEGa-rays at doses that are 100x below allowable human limits

US patent #7,564,241 Barty, Hartemann, & Pruet - ion, assay and i ing with MEGa-rays

MEGa-ray beam absorption could be used to rapidl I
& safely distinguish SNM from background materials

e Using MEGa-ray technologies currently
e S (il under development, identification of a
~5mm thick piece of 235U would take << 1s

th Matters
= A

Numerical analysis suggests that active (but not “activating”) SNM detection could be
accomplished with MEGa-rays at doses that are 100x below allowable human limits

J. Pruet, D. P. McNabb, C. A. Hagmann, F. V. Hartemann, and C. P. J. Barty, "Detecting clandestine material with nuclear resonance fluorescence,” JAP 99, 123102-123111 (2006)
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The T-REX(Thomson-Radlated Extreme X-ray)
pmject created LLNL'’s fi rst MEGa-ray source
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, "Grating-less, w-h.nd oscillator that generates 25 nJ pdm at 80 MHz, compressible to 150 fs,*
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The T-REX (Thomson-Radlated Extreme X-ray) Narrow band peaked at 478 keV
prolect created LLNL'’s first MEGa-ray source
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The T-REX (Thomson-Radlated Extreme X-ray)
prOject created LLNL’s first MEGa-ray source
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Isotope-specific detection of low-density materials
with laser-based monoenexgetic gamma-rays

Intera.clion Accelerator Photoinjector

Shielded HPGe i Fiber H—Dotoln]ector

Detectors Front End rive Laser

2008 World’s highest peak
‘brilliance’
0.5 MeV - 1 MeV beam

DI J. Gibson, C. A. Ha, W. Hall, M. 8. Johnson, M. J. Messerly, V. A. Semenov, M. Y. Shverdin, A. Tremaine, F. V.
. “Isotope-specific jction of low-density materials with laser-based monoenergetic gamma-rays,” Opl.att 35,. (2010)
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Cross Section do /dQ [pb/sr]

Nuclear Thomson, Rayleigh and Delbriick coherent
scattering channels must also be considered
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Transmission-based detection was used for our =
initial material detection experiments

However, single-photon-counting Single Photon Spectroacopy
spectroscopy is not well suited to
high-flux/pulse, MEGa-ray sources
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Dual Isotope Notch Observation (DINO) eliminates L]
the need for high resolution spectroscopy

Shielded
Container

MEGa-ray Source

B -

AE/E =103

NRF+

Compton + Compton +
Delbriick + Delbriick +
Rayleigh + Rayleigh +
Th Th

—

Beam Monitor

7Li 6Li
witness witness

US patent #8,369,480 Barty, C. P. J. - Dual isotope notch observer for material identification, assay and imaging

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

the need for high resolution spectroscopy
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This technique not only avoids single
photon spectroscopy but also enables
precision ASSAY as well as detection
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We are currently designing and simulating DINO

systems for U & Pu detection and assay applications
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Strongest 235U NRF resonance = 1733 keV

Object under inspection

( rastered for scans )

High-Z collimator
(~ 50 cm)

N, = photons — scintillator

N, = photons —+ Compton liner

o

Witness foil
(HEU or DU)

AQ/4n~ 1.1E-05
(@ midpoint)

| scintillator w/ N g
Compton liner (Ta) ? e

“Rotating target wheel" approach

High-Z collimator
(~50 cm)

* Note: The total dwell (object inspection) time is assumed to be equally divided between exposures of the HEU & DU witness foils in this case.

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

Beam monitor
( Nal scintillator )




There are numerous design considerations for L]
isotopic-specific applications of DINO detectors

» Dimensions of the witness “foils” or more accurately the witness “pins”
» Configuration of the witness “pins”

* Solid angle subtended by the calorimeter

» Methods for rejection of non-resonant scattering

» Composition and efficiency of the “calorimeter”

* Collimation of the MEGa-ray illumination source

» Bandwidth of the MEGa-ray illumination source

« “Stability” of the MEGa-ray illumination source

» Choice of DINO “decision metric”

* etc....
There are numerous design considerations for L.
isotopic-specific applications of DINO detectors

» Methods for rejection of non-resonant scattering




| Monte Carlo simulations using CO6 |

Design of the Compton liner can greatly increase L]
the ratio of NRF to background in the scintillator

Strongest 225U NRF resonance = 1733 keV

{ eTransport tumed oft ) (eTransport turned off )
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(1,734 MeV NRF source (AE/E = 0.0016); single-stage 21 detector with altermating HEL & DU fods ) (1,734 MeV N&F source (AL = 0.0016); single-stage 2= detector with altemating HEU & DU fods )
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Hall, J., V. Semenov, F. Albert and C. P. J. Barty. “Numerical Simulation of Nuclear Materials Detection, Imaging and Assay with MEGa-rays."
Proceedings of the 52nd Annual Meeting of the Institute for Nuclear Materials Management Vol 3. 2673-2682. (2011)

| Monte Carlo simulations using CO6 |

Sensitivity of the detector decreases rapidly with =]
respect to source bandwidth

( eTransport turned off )
Predicted DINO Decision Metrics vs. U235 Aerial Density (p*L)
( 1.734 MeV NRF source; single-stage 21 detector with alternating HEU & DU fois )
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| Monte Carlo simulations using CO6 |

Precision assg%and imaging of nuclear fuel would L]
be possible with MEGa-rays and DINO

Simulation Test Object Conventional x-ray Image 1.73 MeV MEGa-ray Image

. over enriched
voids,

. pcasing ="
low density ossing under enriched

Fuel rod with density and Can only identify the Variations in enrichment can
enrichment defects presence of density defects be seen & measured

Hall, J., V. Semenov, F. Albert and C. P. J. Barty. “Numerical Simulation of Nuclear Materials Detection, Imaging and Assay with MEGa-rays."
Proceedings of the 52nd Annual Meeting of the Institute for Nuclear Materials Management Vol 3. 2673-2682. (2011)

| Monte Carlo simulations using CO6 |

Simulations indicate that the enrichment of fuel £l
rods could be measured to ~3% in 5 to 6 minutes

( eTransport turned off )
U235 Assay Sensitivity (% FSD) vs. Total Dwell Time
( conventional UO2 fue! rods (3.00% envichment); 9.60E+09 photons/sec; AE/E = 0.0016 )
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NRF-based materials evaluation will be much

easier elsewhere in the periodic table

atomic isotope oxide natural REE-Oxide REE Atomic % at REE Isotope % costperkgin NRF gamma  NRF cross Background NRF to
number isotopic weight % st Mountain Pass at Mountain 2000 (USS)  energy (keV) section cross section
abundance Mountain Pass Pass (barns) (barns) cross section
(%) ratio
522310 U0; 00 ) ) ) 7 Ri) 260 200 T3
» 9y Y205 100.0 0.130 0.0002 0.0092 $13.50 1507 245 69 36
40 902r na 515 na na [} na 2188 585 09
57 138La La:Os 0.1 33.784 2.5025 0.0023 $585 no data no data no data
57 139La La:Os 9.9 33.784 25025 2.5002 $585 07
58 136Ce Ce:05 0.19 49.581 3.8006 0.0070 $4.15 02
58 138Ce Ce:05 025 49.581 3.8006 0.0006 $4.15 04
58 140Ce Ce:0s 8845 49.581 3.8096 3.3696 $4.15 16
58 142Ce Co:0s nn 49.581 3.8006 04234 $4.15 21
50 141Pr © Pr:Os 100.0 4119 0.3168 03168 $15.15 no data
60 142Nd Nd:0» 272 11.158 0.8510 02342 $15.28 51
60 143Nd Nd:05 122 11,158 0.8610 0.1050 $15.25 08
80 144Nd Nd:0s 238 11,158 0.8610 0.2049 $15, 18
S D e i —
»_| tow % The ratio of the NRF to U 1
80 150Nd  Nd:Os 56 H 18 14 0.1
e vy oo B background cross section s
62 144Sm Sm:0, 31 ] 2
@ 1sm Smo, 150 for many materials is
62 148Sm Sm:0y 1n2 - —gn
wem  Smo, 128 significantly greater than
1508m S$m;0y 74 . .
@ 1sm2sm  smo, s that for the actinides
62 1528m Sms0s 268
62 154Sm Sm30y 28 0850 0.0660 0.0150
62 1548m Sm:0s 28 0850 0.0660 0.0150
6 151Eu Ew:0y 478 0.105 0.0082 0.0039
=] 153Eu Ew0s 522 0.105 0.0082 0.0043
54 152Gd GdiOs 02 0210 0.0164 0.0000
64 154Gd ©  Gd:Os 22 0210 0.0164 0.0004
64 155Gd GdiOs 148 0210 0.0164 0.0024
64 156Gd Gd:05 205 0210 0.0164 0.0034
64 156Gd GdsOs 205 0210 0.0164 0.0034
64 156Gd Gd:Os 205 0210 0.0164 0.0034
64 156Gd Gd:Os 205 0210 0.0164 0.0034
64 157Gd Gd:0s 15.7 0210 0.0164 0.0026
(2] 158Gd Gd:Os 248 0210 0.0184 0.0041
64 158Gd Gd:Os 248 0210 0.0184 0.0041
2] 160Gd Gd:0y 219 0210 0.0164 0.0036
65 150To Tb:Os 100.0 0016 0.0013 0.0013
65 150Tb = TbhiOs 100.0 0.016 0.0013 0.0013

Specific Spectral Density (photons/sec/eV/FSB)

Specific Spectral Density is the key laser-Compton source metric
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| Monte Carlo simulations using COG |

Simulations indicate that the enrichment of fuel
rods could be measured to ~3% in 5 to 6 minutes

( eTransport turned off )
U235 Assay Sensitivity (% FSD) vs. Total Dwell Time
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Specific Spectral Density is the key source metric
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New applications become viable with increasing SSD
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Three laser-Compton gamma sources have been
built from existing hardware & used NRF studies
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Three laser-Compton gamma sources have been
built from existing hardware & used NRF studies

- Tunable 0.5-0.9 MeV
- 12 % bandwidth

- 106 photons/s

-10 Hz

F. Albert et al, Opt. Lett. 2010
D.G. Gibson et al, PRSTAB 2010
F. Albert et al, PRSTAB 2010

=7

1| - 4 % bandwidth

| - 107 photons/s 21-100 MeV

- 5.7 MeV
- 7 % bandwidth
- 105 photons/s

| - 20 kHz

N. Kikuzawa et al, Appl. Phys. Expr
2009

- Tunable 1-97 MeV in 2011

- 106 - 107 photons/s 1-3 MeV
- 108 photons/s 3-20 MeV

- 5.58 MHz
Y. K. Wu, PAC 2011
C. A. Hagmann et al, JAP 2009

Three laser-Compton gamma sources have been
built from existing hardware & used NRF studies

- Tunable 0.5-0.9 MeV
- 12 % bandwidth

- 106 p|

- 10 B |
F. Albert et al, Opt. Lett. 2010

D.G. Gibson et al, PRSTAB 2010
F. Albert et al, PRSTAB 2010

-5.7 MeV
- 7 % bandwidth

-105 p
{ 2°*SSD=0.3

N. Kikuzawa et al, Appl. Phys. Expr
2009

- Tunable 1-97 MeV in 2011
- 4 % bandwidth

- 106 - 107 photons/s 1-3 MeV
-18SD =20 - 100]
- 5.58 MHz

Y. K. Wu, PAC 2011
C. A. Hagmann et al, JAP 2009
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New applications become viable with increasing SSD
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many applications require one to take the
source to the object and not vice versa

Desired Capability:
1.73 MeV photons
(250 MeV electrons)
100,000 SSD
0.1% bandwidth
Truck size or smaller




ARV~
S-band technology could be easily scaled to

higher energy and with work to higher flux and
narrower bandw:dth but it is not compact

S-band ~ 4 GHz
10 MeV/m

Desired Capability:
1.73 MeV photons
(250 MeV electrons)

: J High gradient x-band technology developed at | f
DOE’s SLAC National Accelerator Lab provides a - X-Band ~ 12 GHz
path to future  compact MEGa-ray machines Grad > 120 MeV/m
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Desired Capability:
1.73 MeV photons
(250 MeV electrons)




LLNL B194
S-band modulators
10 required for
250 MeV system

X-band modulator
2 required for
250 MeV system
(vol cubic in lambda)




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

1E+11
1E+10 [ Eine-width-resolved, nuclear spectroscopy GAMSE
) =
(7]
; 1E+09 |Isotope-Specific-Medical Radiography-& Radiolagy
©
]
3 Precision, Non-destructive Isotope Imaging
E 1E+08 LLNL CTD FY17$
g Isotope-Specific Tomography T
S 1407
%’ Isotope-Specific Assay
S 1E06 —
(=] H S
= Isotope Detection | i
© :
‘g. 1E405
(7]
Q
? 1E+04 | v mima optics R&D
0" Isotope Assay FoP
1E+03
1E+02
PoP Detection |
1E+01 TREX —
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07
Inverse Fractional Source Bandwidth
A path to extreme MEGa-ray SSD has been defined at LLNL
1E+11
1E+10 |Line-width-resuoived, nuclear spectroscopy GAMS6
) :
(7]
% 1E+09 |Isotope-Specific-Medical Radiography-& Radiolagy
©
Fi
0 Precision, Non-destructive Isotope Imaging
E 1E+08 LLNL CTD FY17$
% Isotope-Specific Tomography T
£ 1Es07
%‘ Isotope-Specific Assay
S 1E+06 =
(=] 3 = !
- Isotope Detection | i !
B ]
g. 1E+05 e
9 very
B B0 oopima optics R&D Energetic
§ Light for the
n Isotope Assay PoP Observation and
1E+03 Characterization of
Isotopic
Resonances and the
B30 Assay and
PoP Detection | Precision
_— T-REXO ! Tomography of
1E400 1E+01 1E402 1E403 1E4+04 1E405 Objects with
Inverse Fractional Source Bandwidth Radiation




A path to extreme MEGa-ray capability has been defined at LLNL
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B 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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2011 multi-GHz, multi-bunch laser-Compton source concept

Highly collimated - reduces bandwidth, complexity of the interaction laser
and system timing but requires high energy laser & high repetition seed

Barty, C. P. J. (2013). High flux, narrow bandwidth Compton light sources via extended laser-electron interactions. US20130003935 A1,
Lawrence Livermore National Security LLC. provisional




“CW” method for generation of 11.424 GHz, =
synchronized train of picosecond IR seed pulses
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Barty, C. P. J., M. J. Messerly, J. W. Dawson, D. J. Gibson, M. A. Prantil, Eric Cormier (2012), Directly driven source of multi-gigahertz, sub-picosecond optical pulses.
WO02013040041 A3, Lawrence Livermore National Security LLC. provisional

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

Spectrum
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Prantil, M. A, E. Cormier, J. W. Dawson, D. J. Gibson, M. J. Messerly and C. P. J. Barty. "Widely tunable 11 GHz femtosecond fiber laser based on a nonmode-locked source."
Optics Lettars 38(17): 3216-3218 (2013)

A new custom, diode-pumped solid state laser
architecture can generate > 1J per pulse @ 120 Hz
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LLNL’s “Picket Fence” multi-GHz, laser-Compton source concept

~10'3 phis
SSD > 100,000,000

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

Barty, C. P. J., (2013), Modulated, Long-Pulse Method for Efficient, Narrow-bandwidth, Laser Compton X-ray and Gamma-ray Source.
Lawrence Livermore National Security LLC. provisional

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

©

State-of-the-art solid-state, 420 kV, XL-4 Kystron Output Power
300 A Modulator and 50 MW Klystron
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Performance of the XL4 klystron and ScandiNova
modulator exceed all of our requirements
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E-Beam Energy vs. RF Power

E-Beam Brightness vs. RF Phase
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This system is 10x more stable in
amplitude than existing SLAC and
LLNL sources.

4x improvement in RF phase stability
corresponds to 10x improvement in
brightness stability.

Worldwide high power x-band sources

O Traditional PFN Modulator
O High-stability solid-state Modulator
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Worldwide high power x-band sources Lt%

[ © 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 Lt%




X-band photo-gun evolution

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

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

X-band photo-gun evolution

 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

&
Mark 1 @

LLNL/SLAC 5.59 cell x-band gun

design lead - Roark Marsh (LLNL)




| PARMELA results |

Redesigned longer half cell optimizes the electron =]

beam brightness and reduces Compton bandwidth

Optimized launch phase and solenoid strength
Beam parameters: Q = 250 pC, 1¢ = 10 deg.
200 MV/m cathode field
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Other next generation laser-Compton gamma-ray L]
projects are emerging to pursue isotope science
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Other next generation laser-Compton gamma-ray ]
projects are emerging to pursue isotope science
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»Electron beam = 245 MeV, 10 mA s LCS experimental
»Gamma-ray flux = 1x10'3 ph/s b

Two superconducting
accelerator




ELI NP - ELI Nuclear Physics
Bucharest, Romania

293M euro project will include a
1MeV-20MeV MEGa-ray beam line
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The White Book of ELI Nuclear Physics
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Fig. 142 and 14b: Overall view of the proposed ELI-NP y source




Fig. 14b

Fig, 142 and 14b: Overall view of the proposed ELI-NP y source




Other next generation MEGa-ray projects are now B
emerging to pursue isotope science & applications
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LLNL’s compact laser-Compton gamma-ray technology is also ideal for poduction of
bright, high-flux, tunable, mono-energetic X-RAYS and thus opens new possibilities
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Optimiz_ed_laser-Cpmlpton_ X-ray technolo_gY could ]
revolutionize medical radiography & radiology

* Mono-energetic (reduces dose for all x-ray radiographic procedures)
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Rotating Anode X-Ray Source

Laser-Compton X-ray Source




The mono-energetic spectrum of laser-Compton =]
source vs. rotating anode enables dose reduction
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Optimiz_ed_laser-Cpmlpton_ X-ray technolo_gY could ]
revolutionize medical radiography & radiology

* Mono-energetic (reduces dose for all x-ray radiographic procedures)

* Highly collimated (enables multi-angle radiology & dose localization)

* Superior spatial resolution (enables small subject radiography)

* Instantaneously adjustable output (enables minimum dose radiography)
* High flux (enables fast imaging and treatment times)

« Easily tunable (enables k-edge imaging and Auger-cascade therapy)

Anode with Tungsten Focusizg cup
Laser-Compton Target & Filament

X-ray Beam Beam Alignment ,_/11
\ ‘z z Filament
v v [ Supply

Cathode

@
&
Electron Flow

High quality Useful Primary
electron beam Besm

|~uv.\'

Laser-Compton X-ray Source Rotating Anode X-Ray Source




Two color subtraction imaging has been studied =]
for coronary angiography

Mono-energetic imaging has been investigated L.
using the output of synchrotron sources

From Italian mammography study with synchrotron radiation. Note
this geometry does not require breast compression




Conventional breast tissue imaging is a
compromise between contrast and dose
BREAST TISSUE (ICRU-44)
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absorption coefficient at the energy of the Gd k-edge is 0.032 for breast vs 20 for Gd!
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10 cm breast = ~20,000x

deposited energy

Conventional breast tissue imaging is a
compromise between contrast and dose
BREAST TISSUE (ICRU-44)
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Gd has excellent k-edge properties and is already

an approved contrast agent for breast MRI
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Optimized laser-Compton x-ray technolo_gY could ]
revolutionize medical radiography & radiology

* Mono-energetic (reduces dose for all x-ray radiographic procedures)

* Highly collimated (enables multi-angle radiology & dose localization)

* Superior spatial resolution (enables small subject radiography)

* Instantaneously adjustable output (enables minimum dose radiography)

* High flux (enables fast imaging and treatment times)

« Easily tunable (enables k-edge imaging and Auger-cascade therapy)

Attribute LLNL Picket Fence| LLNL RING LLNL T-REX | MXIS/Vanderbilt Rotating Units
c-2013 c-2013 c-2009 ©-2007 Anode

bandwidth ~0.1% <0.5% 8% 10% 100% AE/E

collimation| ~0.5 1 1 2 524 mrad
source size 5 15 30 35 150 microns

average brilliance >1E+13* >1E+13* 8.89E+10 3.60E+06 6.00E+07 |ph/s/mm2/mrad2/0.1%BW
e-beam current 6.00E-03 6.00E-04 1.50E-06 2.08E-09 100 mA

laser power 1200 120 25 0.0036 n/a w

* These attributes are important to many other applications besides medicine

* LLNL “picket fence" average brilliance is equivalent to the bending magnet output from a large-scale, modern synchrotron, e.9. SSRL at Stanford




Optimized laser-Compton sources will enable “lab-
scale” synchrotron science & “nuclear” photonics
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Optimized laser-Compton sources will enable “lab- ]
scale” synchrotron science & “nuclear” photonics
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The Laser-Compton and Nuclear Photonics efforts described in
this presentation represent contributions from 3{ institutions
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Andy  Bayramian LLNL Dietrich  Habs LmMu Sofia  Quagllioni LLNL
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