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Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or the University of California. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or the University of California,
and shall not be used for advertising or product endorsement purposes.
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Motivation: Mission-Driven R&D

T-REX R&D is mission-driven:

Homeland Security top priority list includes the development of novel imaging

technologies for fast, accurate, & reliable cargo container screening

Inverse density radiography (DNT)




Motivation: The Cargo Container Problem

Worldwide sea-faring cargo container traffic: 48,000,000/year
3 containers shipped/received every 2 seconds!
5 kg of concealed SNM = a very bad day!

Current inspection techniques are inadequate:

Ehe New York Times snen srinr rons: IKEINSIEEY
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False Alarms Plague Port Anti - Nuke System

By THE ASSOCIATED PRESS
Filed at 10:59 p.m. ET

WASHINGTON (AP) == The post-Sepl. 11 secunty blanket designed to keep nuclear matenal out of U.S. ports still has plenty of holes, meluding

A A scores of false alarms from radiation detectors, scientists told Congress on Tuesday.
Radiation Counters : : ™ i
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NRF in Theory

Nuclear Resonance Fluorescence

Incident photon
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NRF Lines

Numerous lines in high-Z elements, at penetrating wavelengths

Doppler-broadened to ~ 1 eV
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NRF in Practice: FINDER

N g
Scattering

Detector Open the
Nuclear Resonance container

Flourescence (NRF)

T-Rex gamma source

Thomson-Radiated
Extreme X-rays



NRF Spectrum

FINDER NRF signature would be unmistakable...
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“Bertozzi’s Trick”
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Isotopic Imaging Requires Novel y-Ray Sources ||E‘

To become a practical technology, isotopic imaging using nuclear
resonance fluorescence (NRF) requires the development of very bright,

nearly monochromatic photon sources operating in the MeV range

For NRF detection of a 1 cm? target located 10 m away, with high

confidence (6c), and a short acquisition time (s), one requires:

Photon energy 1 — 5 MeV (good transparency, strong NRF lines)
Beam divergence < 1 mrad (good pixel resolution)

Av. spectral brightness 109 photons/0.1% bandwidth/s/mrad?



Energetic Photon Sources

High-energy (MeV) photons are deeply penetrating
Flux & brightness required for imaging applications are high

No ideal light source for detection:
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Compton Scattering

Compton scattered photon energy scales as y?

MeV photons can be produced with laser & modest e-beam energies (~100’s MeV)
Compton scattering source brightness scales as y?
X-ray phase space ~ e-beam phase space; (y/g)?

Small cross-section: 8mry?/3

Requires high electron and photon densities at focus

Compton formula: 4-momentum conservation _

ks (U + K kY ) = kou®




LLNL Thomson-Radiated Extreme X-rays Example

E-beam parameters: 1o5x10tE T T T ]
E-beam energy 235 MeV 1.00 x 104 | A i
Bunch charge 1nC 750 x 103 - _
Energy spread 0.1% 5.00 x 10° L il
Emittance 1 mm.mrad 250 x 103 - ]
Bunch duration 3 ps I

Ll Ll | g
1.96 1.98 2.00
Photon Energy (MeV)




FINDER with T-REX Advantages

Photon energy range near absorption minimum (MeV)

Large NRF cross-section (deep notch) relative to atomic processes
Low false positive/negative rates

Highly accurate; very high-resolution (um)

Isotopic imaging (!)

Low dose

(SICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 8. 100702 (2005)

High-energy scaling of Compton scattering light sources

emann, W. 1 Brown, D. 1. Gibson. 8. G, Anderson. AL M. Tremaine, P.T. Springer. AL L Wootton,

Lawrence Livermore National Labovators, Livermore, California 94550, USA
{Received 11 November 2004 published 31 October 20615)

No monochromatic (Aw, fw, < 1%), high peak brightness | = 107 photons/(mm® * mrad® * 5 =
0.1% bandwidth )], tunable light sources currently exist above 100 keV. Important applications that would
benefit from such new hard x-r: y-ray sources melude the foll s
spectroscopy  and  isotopic imaging. time-resolved positron  annihil

JOURNAL OF APPLIED PHYSICS 99, 123102 (2006)

i spectroscopy, and  MeV

s " - . flash radiography. In this paper. the peak brightness of Compton scattering light sources is derived
DE‘EC“"Q clandestine material with nuclear resonance fluorescence for head-on collisions and found to scale quadratically with the normalized encrgy, i inversely with
nd

the electron beam duration, A7, and the square of its normalized emittance, «

al
J. Pruet,* D. P. McNabb, C. A. Hagmann, F. V. Hartemann, and C. P. J. Barty bunch charge, N, and the number of photons in the laser pulse, N: B, & 3}
Lawrence Livermore National Laboratory, 7O E, Avenue, Livermare, California 94550

linearly with the
Ny [etAr. This ¥?
scaling shows that for low nomalized emittance electron beams (1 aC, lrllm mrad, << ops,
(Received 1 November 2005; nccepted 6 April 2006; published online 19 June 2006) =100 MeV), and tabletop laser systems (1-10J, 5 ps) the x-ray peak brightness can exceed
107" photons /(mm?® % mrad® % 5 # 0.1% bandwidth) near fiw, = | MeV; this is confimed by three-

We study the performance of a class of interrogation -:, stems :h.nl u&pl-m nuclear resonance dimensional codes that have been benchmarked against Comp:un scatiering experiments performed at
I]tmruccnu (NRF) to detect \|\|.\|1 s : ar Lawrence Livermore National Laboratory. The 1 etry o ¢ m s head-on
¢ excite an collisions, where the x-ray flash duration is shown 10 be equal 1o that of the electron bunch, and which

SITOF Fales, produce the highest peak brighiness for compressed eleciron beams. Imponant nonlinear effects

radiologic | ‘|.\M-, and detection  sensitiv cociated  wi jse sstine orin including spectral broadening. are also taken into sccount in our analysis: they show that there is an
optimum laser pulse duration in this geometry, of the order of a few preoseconds, i sharp contrast with the
initial approach w laser-driven Compton scatlering sources where femiosecond laser systems were
thought 1o be mandatory. The analytical expression for the peak on-axis brightness denved here s a
powerful tool to efficiently explore the 12-dimensional parameter space corresponding 1o the phase spaces

wnl\cdnlu ]mwnluj TI\\ rels
Mma-ray sour
attering of laser
'LI with uniquc]g lm\- r.uli..lng't ] dose, scan times, and error rate

. : % i iy . : of both the electron and incident laser beams and to determine oplimum conditions for producing high-
reason a consider: n of NRF-based interrogation systems may |\|m-n|;l~ impetus for c.l‘!n s brightness ¥ rays.

source development for applications related to national security and indusiry. © 2006 American

Institure of Physics. [DO1: 10.1063/1.2202005] DOE 101 103 PhysRevETAR 8100702 PACS numbers: 41.60.Ap, 41.60Cr, 5259.Px, 0785 Fv




FINDER with T-REX Key Requirements

The specific application we target has strong implications in terms of
source parameters
Requires high average brightness

High-quality, bright electron beam
Beercan UV, 8 ps
High-charge gun (nC)
Very low emittance

Low linac noise (dump, dark current, etc.)

Need sufficient electron beam energy



680 keV T-REX Source for 238U Demonstration

E-beam parameters:

E-beam energy 112 MeV
Bunch charge 0.3nC Photons/shot in 1 mrad? x 1 eV
Energy spread 0.1% v Eam ,

g 200 === 5.8 uym :
Emittance 2 mm.mrad 2 — /

plt =20 ym
Bunch duration 8 ps % K 180

&£ 100
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&

£ il

Energy (keV)




LLNL T-REX CAD

RF gun PDL

Low-enerfy beamline

E-beam diagnostic station

Q-triplet siscan station l

150 MeV dipole

ILS focusing chamber|_¢ _

ILS re-circulation

FF Q-triplet

Capture Q-triplet
T E-beam dump

ILS




_ LLNL/UCLA Gun Design

Gradient 120 MV/m
Emittance 0.7 mm.mrad
Charge 1 nC
Energy 6 MeV

Energy spread 0.17%

3-D model of LLNL/UCLA RF gun



LLNL/UCLA RF Gun

« Cold tests have been performed successfully

« Key upgrades include:
— Wider frequency separation between the 0 and t-modes
— No tuners (to allow high-gradient operation > 120 MV/m)
— No 70° laser input windows (fully symmetrized half cell)

— Solenoidal magnetic field symmetrized up to quadrupole




Low-Energy Beamline

Fully emittance-compensated setup Bakeable gate valve

o _ . _ Q-triplet  §
Precision diagnostics included A

Optimized gun/linac interface
UHYV for photocathode lifetime
Symmetrized beamline for CSR

Symmetrized UV coupling box



Sputtered Mg Photocathode Enables Fiber-Based UV |
Laser =

Gun peak field: 80 MV/m
Injection phase: 40°
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Slope = 22 pC/ud
— 104
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2 um of Mg is sputtered on a 1 cm '
diaL;neter sp?Jt on tﬁe polished Cu back (6/22/06)
plane of the photoinjectorr A2 mm§gy§ | PFP————rif——rftta
diameter UV laser strikes the Mg spot, 0 50 100 150
generating photoelectrons uv Energy (IJJ)

50 ud of UV light can be produced
— readily with custom LLNL fiber
laser system




LLNL Fiber Laser System

Modelocked pulses:
1nd
150 fs FTL
40.7785 MHz

0 ——

1020 1050
A, nm




LLNL Photocathode Drive Laser




Gun & UV Laser Integration

s
~ Chirp lines

S-Band Gun Hyper-Michelson




LLNL Hyper-Michelson Pulse Stacker/Shaper
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Emittance Optimization & Preservation

rms Normalized Emittance (mm mrad)
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Electron Beamline Designed to Preserve Emittance

YAG POP-IN

SCREEN

———

RF
WAVEGUIDE
PORT

STEERING
MAGNET

QUADRUPOLES BEAM
VIEWING
CAMERA

Solenoids and long steerers, which can
induce emittance growth, will not be used.

Quadrupoles and short steerers will be used
instead.




LLNL Drive Laser System

4_pass single-pass single-pass
ﬁ - ﬁ - ﬁ - ﬁ
40 pJ 190 mJ 940 mJ 2.25)
o >
4 4 4
6 mm diam, gain=15/pass 2 mm diam, gain=20/pass 2 mm diam, gamn=20/pass
—rjorm output Power
=—=—norm Power after 12-mm rod #1
—=—norm Power after 6-mm rod Output Pulse Shape
12 Output Power vs Wavelength 0.3 . ' . ' .
I injection bandwidth 1 .
0251 4
111 1
= I I
_[EI, D_B _I I .-;. DZ o . ™ 4
= | I )
c ] I = 015f 1
S 06} G -« FWHM =10 ps
E I I 5
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0.2 - | I v »
I 1 0 ,_--..l’. A ..-....=
d =30 -200 -10 ] 10 20 30
-0.5 -0.25 0 0.25 0.5 time (ps)

- 1084 (nm)
HDC compressor

Input pulse: energy = 40 pJ, bandwidth > 0.8 nm
Qutput pulse: energy = 2.25 J, 10 dB bandwidth=0.25 nm, transform limited duration=10 ps

2.5J @1064nm 1.0 @ 355nm
30 GW/em? > 40% efficiency
10 ps expected

G

Polarizer @35 deg




_ T-REX Interaction Region

E-beam dump




_Applications: Stockpile Surveillance

|sotopic imaging enables inverse density radiography

Wiy

i
é nuclear
T il
absorption

flux at detector

flux at detector

NRF
Radiography

Conventional
Radiography




_Applications: Waste Evaluation

Table4-1 Historical Materinl Balance of Uranium-235 in HEU

Maturtal Balance Category
| Froduction from Uranium Enrichment Processes
| Production from ulenaﬁu " T
Receipts from Foreign Countries
Total Acquisitions.
Refoed ot Envichment Plants
Hudlear Tests, Warlime Delonations, and Naval Reactor Usa
Fission and Transmutations

| Nermal Operating Losses
i Trarshers to Forelgn Countries.
Down Blending
Inventory Diferences
: Toual Removals

Remoals

| Toa Acquisitions
| Minuzs Tolal Remavals
Plus Classified Transactons
_Equals the U.5. HEU ¥

Actual U.S. HEU Inventory as of September 30, 1986

620.3

Source: Highly Enriched Uranium: Striking a Balance,
DOE/NNSA Draft Report, January 2001.

10 S&TR April 2004
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barrier system for the proposed
Yucca Mountainneéle sﬁf
repository works w.iﬂi. natn.ral .
barriers to keep radioactive waste

in its place.

:encmliun.r and ¢
l.h!gsamﬁ ofa )‘

ORE than 20,000 matric tons

of spent fusl from commercial
Duclear power plants are located in
temporary siorge at 109 reactors
scmss the U1, By the year 2010, sbout
63,000 metric tons of spent fuel from
Duclear power plants and 8,000 metric
tons of solidified nuclear waste from
Gafinse programs will require.
permanent disposal.

Most plants store the spent fuel in
poals of water, which acts os a radiation
shield and coolant. A few plants store
spent fuel sbove ground in specisl
cancrets or sieel casks. Both types of
starage are tamporary, and the storage
pools at soma plants are almost full.

The 5. is not the anly couniry
facing the disposal issue. Around the
globe, vistusily all nations that use

Science & Techmology Review March 1996

e Safe Dispasal
g of leclear Weste

lict performance

ill protect future
W for tens of
longer hazardous.

‘nuclear power are exploring spproaches
10 safely dispose of radioactive waste.
Inthe USS.. the pace and focus of
‘esearch leading to a permanent nuclear
waste repository have changed over tima
in response 1o shifting political
inflnences and funding. In 1982,

ven: o
msponsibls for finding = suitable site
and for building and operaiing an
‘underground nuclear wasts mpository.
T 1987, Congress dirscted the DOE 1o
focus on one site, at Yuccs Mountzin,
Nevada, sboat 145 km nartiwest of Las
Vegas ( 1). As part of the overall
effort leading to 8 permanent nuclasr

‘waste repository, Lawrence Livermore’s
ficus is on developing a system of



_Applications: Nuclear Photo-Science

:_igcl; power
. iode array
Energy-recovery linacs
o - : Thermal management
Superconducting linacs _— //’ o
. Laser gain &
Superconducting rf guns media S
ser amplifier

Tailor-aperture ceramic lasers

Nonlinear trapping ‘- /

kW-average y-ray flux
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Conclusions =l

« There are a number of bright y-ray missions within the DoE complex and
beyond

» T-REX sources will generate y-rays with unprecedented brightness

« LLNL’s laser and electron beam technology are key components for the
development of T-REX sources

« The future of T-REX sources is closely tied to advanced accelerators, as
the y-ray phase space maps onto the electron beam phase space

* |In particular, energy-recovery superconducting linacs, coupled to LLNL'’s

high average power lasers may yield a path to kW y-ray beams





