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applications for 7 DARMSTADT
Laser-Driven Neutron Sources

A joint effort from nuclear and laser-plasma scientists at TUD
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Nuclear Photonics is becoming a new W TecHNIsCHE
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Nuclear Photonics = T

Michaela Arnold Accel. Phys.

Thomas Aumann Nuclear Phys.

Vincent Bagnoud Laser Phys.

Oliver Boine-Frankenheim Plasma Phys.

Joachim Enders Nuclear Phys.

Lg%itﬁnpgfgna Elljgl's:: PPE}’S High-power laser-based radiation sources and
Markus Roth Plasma Phys. nuclear methods for basic research and applications
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CPA (Chirped Pulse Amplification)

can generate high energy pulses up to 1015 W
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Grating pair:
Pulse stretcher

Short pulse 100f

Amplified
stretched pulse

v

Grating pair:
Pulse compressor

RPN x el

Amplified
short pulse

Chirped Pulse Amplification

D. Strickland and G. Mourou (1985)
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COMPRESSION OF AMPLIFIED CHIRPED OPTICAL PULSES

Donna STRICKLAND and Gerard MOUROQU

Laboratory for Laser Energetics, University of Rochester. 250 East River Road, Rochester. NY 146231299, USA
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We have demonstrated the i and sub:

pression of optical chirped pulses. A system which produces

1.06 wm laser pulses with pulse widths of 2 ps and encrgies at the millijoule level is presented.

The onset of self-focusing of intense light puises
limits the amplification of ultra-short laser puises.
A similar problem arises in radar because of the need
for short, yet energetic pulses, without having circuits
capable of handling the required peak powers. The so-
lution for radar transmission is to stretch the pulse
by passing it through a positively dispersive delay line
before amplifying and transmitting the pulse. The
echo is compressed to its original pulse shape by a
negatively dispersive delay line [1].

We wish to report here a system which transposes

the technique employed in radar to the optical regime,

and that in principle should be capable of producing
short (SI ps) pulses with energies at the Joule level.
A lano nilee ic daliberatelv nrodnced hv stretching a

sion system is shown in fig. 1. A CW mode-locked,
Nd : YAG laser (Spectra-Physics Series 3000) is used
to produce 150 ps pulses at an 82 MHz repetition rate.
Five watts of average power are coupled into 1.4 km
of single-mode non-polarization-preserving optical
fiber. The fiber (Corning Experimental SMF/DS™)
has a core diameter of 9 um. The avcrage power at
the output of the fiber is 2.3 W. The pulses have a
rectangular pulseshape with a pulse width of approx-
imately 300 ps, as can be seen from the autocorrela-
tion trace in fig. 2. The bandwidth of the pulses is

50 A. The stretched pulses are injected into a pulsed,
Nd : glass, regenerative amplifier, by reflection from
an AR coated window. An AR coated window is used
ta nratert the fiher end from heino damaged hv the

Mean: 95.9%
RMS: 0.7%

Mean: 95.9%

RMS: 0.8%

Institut far Kernphysik
Technische Universitat Darmstadt
Prof. Markus Roth
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High Power laser development

TECHNISCHE
UNIVERSITAT
DARMSTADT

10%0 PeV
1024 W/cm?2: optische Laserfelder treiben nukleare
P .. .
— rotone|_1 al.Jf re!at|V|st|sche Photonik
= Geschwindigkeiten 2
(&) E > mpc dc)
\ 25 — = - —
E 10 Laser e ELI Tev 9
()
3. c
- m
/) c
g ()
c
£ 102 PHELIX S
= <
o MeV o
2 Ll
o
O
LL
1015
eV

1010

1960 1970 1980 1990 2000 2010 2020




Proton acceleration with lasers :
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Laser development and ion energies
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Why are we interested in Neutrons?

g =3 N eu t rons: = s
A special gift for science

,Neutrons tell us
where the atoms are
and how they move.”

— macroscopic functionalities of materials

Clifford Shull
Nobel Prize Physics

Neutrons are rarely the first,
but often the last probe
for new materials or new phenomena.

|Crete | 2017
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Neutron Sources
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Compact neutron sources
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IAEA-TECDOC-1439

Development opportunities for small
and medium scale accelerator
driven neutron sources

Report of a technical meeting
held in Vienna, 18-21 May 2004

(&) 1AEA

'7<pb International Atomic Energy Agency

February 2005

e
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Development opportunities for small scale and medium scale

accelerator driven neutron sources [IAE04]:

Foreword: ,,[...] Small and medium power spallation sources will
become more important as many small neutron producing
research reactors are being phased out. [...] In addition to basic
research theses alternate neutron sources will be important for
educational and training purposes. [...] Neutron applications in

life sciences will be a rapidly growing research area in the near

_ future. Neutrons can provide unique information on the reaction

«Q

L LELL

\\

dynamics of complex biomolecular systems, complementing other
analytical techniques such as microscopy, X rays and NMR. There
is a general belief in the life sciences community that neutron
methods are an emerging technique and not exploited to their full
capacity. This is partly due to the fact that useful neutron beams
can only be generated at advanced research reactors and/or high

energy neutron spallation sources.

100 &V eV OkeV  100keVv  1Mev
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Laser neutron sources

Compact sources from
different mechanisms
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Neutrons

-
o
o

Cross section [mb]

T

a

v

[
L

..W

T T
-~ "™Ta(y.n)*“Ta

T T

T T
197Au(~;_n)‘%Au
93, 92,
" Nb(y,n)**Nb
SCr(y,n)”'Cr
“Cr{y,ny*°cr
'B'Ta(y,n)'mTa

/ “TAu(y,3n)"**Au

*Nb(y,3n)*’Nb

197

T Au(y,4n) “Au
Au(y,5n) “Au

192

|. Pomerantz, UT

Neutrons from cluster fusion Neutrons from ion impact

Exploding, Fast D* ions with ?aa o

laser heated 1 - 50 keV of energy e

clusters 5 Cliisteis
Plasma el
fllament N

;F—oEu_—se—d laser in ]

40 5I0 60
Energy [MeV]

70

80 90

50 m Ti:D, laser heated, Ti:D Catcher24.4 J

s
Focal spot = 50 pm

e

Length ~ 1- 10 mm

Average density ~ 1019 - 1020 ¢m-3

: .. Fusion evenis between
ions from nearby clusters

fast detector
slow detector
5 MeV temp.

D’ beam on catcher ]

P GO O

§ 6 J .
----------------------------------- - >
Laser focal dlameter 1 d
_9 . j RPN R T R T R
0 100 200 300 400 500
T. Dittmire, UT Austin : :
time of flight [ns]

|Crete | 2017



TECHNISCHE
UNIVERSITAT
DARMSTADT

1E+15

1E+14

1E+13

1E+12

1E+11

1E+10

5 compared to a 4xt source

Target

lons

Converter

Neutrons

1E+20 1E+21

Laser Intensity [W/c

NP 2018

Voltage (V)

Neutron from CD
Neutron from CH

0|1 ' 1 ' 10 | ””100
Energy (MeV)

| D.Jung et al., Phys.
Plasmas 20, 056706

(2013)
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Fast neutron imaging
Single shot, ns exposure, compact laser

21 October 2016 Volume 120 Number 15

Cu foil NTOEF #4
CH or CD Directed neutron W

(0.2-3.2 pm) beam \

Journal of Applied Physics
10/17/2016

Journal of
AP Applied Physics

x 107

jap.a\lp.org
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* Bundesministerium
7R fiir Bildung
und Forschung

FORKA - Forschung
fir den Rickbau
kerntechnischer Anlagen

Forderkonzept: Riickbau und Entsorgung

Research to develop a compact, laser-driven, imaging

neutron diagnostic to investigate nuclear material
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NEUTRON

IMAGING
SYSTEM FOR
RADIOACTIVE-WASTE

ANALYSIS

Radiographie mittels schneller
Neutronen zur Charakterisierung

radioaktiver Abfalle (Neutron Imaging)
Forderkennzeichen 0259022A-C

geférdert mit Mitteln des Bundes
Editor: John Kettler! (Projektkoordinator)

Autoren: Ralf Engels®, Martin Frank®, Sergey Furletov?, Julia Furletova®, Andreas Havenith?,
Giinter Kemmerling®®, John Kettler!, Thorwald Klapdor-Kleingrothaus?, Eric Mauerhofer?,

Oliver Schitthelm®, Manuel Schumann?, Richard Vasques*, Dirk VoR?

! Nukleare Entsorgung und Techniktransfer, RWTH Aachen University

2|nstitut fir Energie- und Klimaforschung — Nukleare Entsorgung und Reaktorsicherheit,

Forschungszentrum Jilich

3Zentralinstitut fir Engineering, Elektronik und Analytik — Systeme und Elektronik, Forschungszentrum Jiilich
4 MATHCCES, Department of Mathematics, RWTH Aachen University

5 Corporate Technology, SIEMENS AG

8Jiilich Centre for Neutron Science und Peter Griinberg Institut, Forschungszentrum Jiilich

o  Entsorgung
n'e*'/. und Technik-
@< transfer i

4))ULICH SIEMENS

Gamma-Scannin Prompte Gamma-
e Neutronenaktivierung Radiographie
Neutronen-Messun Verzogerte Neutronen-
g Neutronenaktivierung Radiographie

Ziel von F&E:
* Kopplung der Verfahren (Synergien)
* Zunahme der Leistungsfdhigkeit/ Ergebnissicherheit

Rontgen Neutronen Rontgen Neutronen Fotografie
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Possible Applications require a better compact

neutron source
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Laser-driven single-pulse Neutron radiography using a
neutron radiography DT-Plasma tube (15 min)
(TRIDENT, LANL 2016) (NISRA Report 2015)
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Gated Neutron Imager
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Prospects:
Fast Neutron Radiography

(from I. Pomerantz, PRL 113, 184801 (2014) )
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— Carbon

— Nitrogen

— Oxygen

1 ns TOF resolution (State of the art)
0.1 ns TOF resolution (This method)

Absorption cross section (barns)

4 .5 6 7 8 9
Incident energy (MeV)
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Complementary to p-rad or x-rays

A Review of Neutron Scattering Applications to
Nuclear Materials

Sven C. Vogel

Los Alamos Neutron Science Center, MS H805, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

(a) (b)

FIGURE 8: (a)-(c) Comparison of high-energy proton radiography, X-ray radiography (a) [116], energy-dispersive neutron radiography (b),
and thermal neutron radiography (c) [117] of mock-up UQO, fuel pins in stainless steel cladding with artificially introduced cracks or tungsten
inclusions (visible as black areas in (b) by energy-dispersive neutron radiography).
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Mobile source for fuel rod testing
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Energy-Resolved Neutron Imaging for Interrogation of Nuclear Materials

Areal Density

A.S. Losko'?, S.C. Vogell, M.A.M. Bourke', A.S. Tremsin®, A. Favalli', S.L. Voit', K.J. McClellan' Pellet#6 Pellet#8 (atoms/barn]
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Fig. 6. Reconstructed projection for >°U using the SAMMY
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How does a LDNS compares to LANSCE?

=time for an isotope selective image: 1 hour
*Neutrons / pulse (LANSCE): 1014

» Repetition rate: 20 Hz

*Neutron required (produced): 7.2 x 1018

» Closer due to less shielding and shorter pulse
(1.2m vs 6.4 m): 2.5 x1017

»EXxp. verified difference in coupling efficiency
(factor 10): 2.5 x 1076

I

= Neutrons using a 100 J Laser: 5 x10" | o
u A‘t 10 HZ repetltlon rate 5 X1 012 /S f;wlgi:’l'gzh-powemdvancedRadlographlc Capability (SHARC)

Direct implementation

WOUld reql,“re an eXpOSU re tlme Of of HAPLS pump laser technology

5000 s (1 hour 23 min)

with present technology... ery. 150
Pulsewidth: 150fs

= ... and what about (BAT) 200 Hz? 4 minutes? Sisec (Lt

NP 2018




Active interrogation system to detect special ESHINIS
nuclear material DARMSTADT

~Every morning you wake up there is new nuclear material to be safeguarded
to make 18 nuclear warheads*

~Growing gap between responsibilities and capabilities®....

(Deputy director General and Head of department for Safeguard, IAEA...)

Detector array Need: Fast, movable, operationally safe
‘ ‘ neutron source featuring energy
tunable, and high intensity directional
neutron production

DD-IEC neutron source

]
M Pulsed HV PS
l

Figure from Masuda et al., IEA Kyoto

Investigation of the viability of a laser-driven neutron source for active interrogation

Crete 2017|
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Hard X-ray production

“\/

TS ¢

VA

;: : )
TRIDENT <125um source size (measurement is detector-limited!!!)

L.

Y de

.

‘ -
o4

DARHT Axis 1, ~750um source size, 19mm Cathode

- Single shot x-ray imaging of a 1 cm tungsten plate

- 500 keV to 1 MeV Photons

© exposure time about 1 ps

- spatial resolution better 100 ym (limited by detector at present)

|Crete | 2017



Experiments in 2014 @ LANL
Pl: Andrea Favalli, LANL
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Uranium Samples

Uranium Samples tested:
* Depleted Uranium with mass up to 4.5kg

 Sample of enriched uranium up to
65%(w.t.) enrichment in 23°U

» Los Alamos

NATIONAL LABORATORY

Neutron coincidence counter with
single ring structure of 3He proportional
detectors embedded in polyethylene. In
the left detector is visible the U sample.

Slide 11

EST.1943

Operated by Los Alamos National Security, LLC for NNSA

NCLA IFIED VR DQZS“
UNCLASS AT\~

Target
chamber

Crete 2017|

Neutron
Coincidence
Counter

Black neutron
detector (no U)

Red neutron
detector (with U)
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Interrogation of an enriched uranium sample

Pl: Andrea Favalli, LANL
Sample: High Enriched Uranium (990 g U, of which 650g 23°U)
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counts

10° =

102 =

gold AWCC - empty

white AWCC - 650g 235U, with Cd liner

counts

10°

102

white AWCC - 650g 235U, no Cd liner

gold AWCC - empty

105—

) Lﬁl W\Wﬁhhﬂw i L

315 320 325 330 335 340 345 350 355 360
time [s]

A W i mwm i

480" 485 490495 500 505" B10 515 520 525
time [s]

Fast Mode (with Cd sleeve) Thermal Mode (without Cd sleeve )

Delayed Neutrons chosen as signature, these neutrons are characteristic
signatures for nuclear fission ( few other process yield delayed neutrons)

Crete 2017|
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Numerous applications and contact to industry

TRUMPF

proxi
VISIOi

AMd PRECITEC
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Performance versus accelerator driven

systems
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Prospects

8kJ ,,Laser-LANSCE*“

1E+15 LANSCE Performance
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Assessment of Laser-Driven Method Development Demonstration & Application Develop Pool-side Capability

Pulsed Neutron Sources for
Poolside Neutron-based
Advanced NDE -

A Pathway to LANSCE-like
Characterization at INL

Nuclear Technology
Research and Development

Prepared for
U.S. Department of Energy

Nuclear Technology Research and
Development Program
Advanced Fuels Campaign

M. Roth’, S. C. VogeF, M. A. M. Bourké?,
J. Fernandez?, M. Mocko?, S. Glenzer?,
W. Leemans? C.W. Siders®, C. Haefner®

TU Darmstadt/Germany, 2LANL,
3Stanford University, “LBNL, SLLNL

April 14, 2017
NTRD-FUEL-2017-000064

RPN Y .A.lﬂ/-'\p«r‘l._[\l\m.ﬁ A
w4 AaUme U U

Lift
i~ Lugs, 3x
J Roller

T Guide
Balls, 8x

Incident
m-Neutron
Beam

5= Outer Shield
(Tungsten)

™ Inner Shield
(304LN SST)

., Vertical Motion
System

! Stand |
\ Rotary
Motion System

Figure 1: Three pillars of the LANL Advanced Non-destructive Evaluation and Advanced Post-irradiation
Examination program.

Official IAEA TEC:DOC recommendation will come out in 2020
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The future for nuclear photonics seems to look brighter every year...

Thank you!!




