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Outline ‘

1 An Overview
<> CANS: What they are and how they play a role in the
neutron sciences & technologies
2 The CANS accelerator structure
< Refer to Ken Herwig’s talk on linear vs ring, short vs long
pulsed structures yet scaling down in power (and cost).
3 Applications
< The multidisciplinary nature and diverse utilization
4 The community
<> Ongoing activities
< What is next?

\
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Neutron Production Mechanisms ‘

Reactions Neutron Production Examples
Fission 25U+n —>A*+B*+xn;, <x>~25

Spallation p+ 18W —> A* + B* + xn, <x>~ 20
Fusion d+t—>a(3.5MeV) + n(14.1MeV)

d+d —> a(0.866MeV) + n(2.4MeV)
Photoproduction v+ BTa —>Ta+n,y+?H —>'H+n
Charged-particle reaction Be + p—>°B +n,’H +°H—>3He + n
(n,xn) ‘Be + n—>3B* + 2n
Excited-state decay BC#* > 12C* + p, 130Sp** —> 129Sn* + n

Atomic " .., | lInter -Nuclear
Processes + Spallation + Cascade _|

o |onization 10 |- Spa"at|on —
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neutrons Evaporation | +_ FHigh-Energy . _|
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More Neutron Producing Reactions ‘

Reaction Examples

types
*H(p,n)’He, °Li(p,n)°Be, "Li(p,n)'Be, *Be(p,n)’B, '"Be(p,n)'’B, ''B

(p,n) (p,n)'°C, "B(p,n)"'C, 2C(p,n)'*N, 1*C(p,n)*N, “C(p,n)"*N, N
(p,n) >0, *O(p,n)"*F, **Cl(p,n)**Ar, **Ar(p,n)*’K, >*Co(p,n)>°Ni
?H(d,n)*He, *H(d,n)*He, "Li(d,n)*Be, °Be(d,n)'’B, 'B(d,n)!*C, 13C

(d,n) (d,n)!*N, 14N(d,n)’>0O, BN(d,n)'®O, ¥0O(d,n)!F, 2Ne(d,n)>'Na,
24Mg(d,n)>Al, 28Si(d,n)*°P, 32S(d,n)**Cl

(t,n) 'H(t,n)’He

(o,n) SH(o,,n)°Li, "Li(a,n)''B, "B(a,n)!“N, 3C(a,n)'0, 2*Ne(o,n)>>Mg

Drosg et al. (2002)
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Source Characteristics (Bauer01, Clausen08, Mank et al.01, Zager et al. 05, Nakai et al. 10, Elizondo-Decanin/‘

Reactions Neutron Neutron Heat Release Remarks
Yield Production® (MeV/n)
. Expensive, complex,
- 14 2 -
Spallation 17-27n/p 10" (n/s/cm?) 30-55 adamant usage
. . Expensive, complex,
13_1015 2
Fission 1 nffission  10"3-10"° (n/s/cm?) 180 adamant usage
Giant laser
nertial 1 n/D-Tpair > 1016 (n/s/cmz)  e-stockable D-T Unattainable?
fusion Eelee
F I I I I I I I I I I I I I I I
9Be(D,n)'°Be 1 n/D 13.4015 5 1000 Moderate cost, flexible
I %Be(p,xn) 5x10-3 n/p 10%-10"™ (n/s/cm?) 2000 operation, multipurpose I
Photonuclear e- 2 13 Moderate cost, flexible
I bremsstrahiung 29X 1072 n/e 10"3 (n/s/mA) 2000 operation. multipurpose I
Neutron Transportable, affordable for
I Generators 107-108 n/uC 108 -1010 (n/s) 3500-10000 tailored commercial I
(D,D) (D, T) applications, need higher flux
I I I I I I I I I I I I I I I b
Table-top-laser 1 (y6 408 1/ 108 -1010 Ultra-short pulsed  Many debris, neutronics
photonuclear ) (per shot) lasers not yet matured
Neutristors L
solid-state, ” 2 2 ~$2-000, tiny, implantable
(D.D) chips medically, to be developed

*need quantification of neutron spectral distribution and time structure
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Neutron Sources ‘

FRM-II High Flux Reactor
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Neutron Sources: Past, Present, & Future ‘
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Figure 1. History of development of neutron sources in terms
of the effective thermal neutron flux. Carpenter & Lander 2010

This is not the whole story!
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Neutron Energy Spectrum & Time Structure

Accelerator-driven sources generartes1 10-100 MeV fast neutrons
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Applications of CANS: A Prelude

S(Q,w) in reciprocal space
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Applications of CANS: A Prelude

S(Q,w) in reciprocal space
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Applications of CANS: A Prelude ‘

S(Q,w) in reciprocal space Imaging/radiography in direct space

incgﬁgféﬁ?t Transmission
radiography
nuclear Scattering computer tomography
orbital & spins of ~ magnetic inverse problem,
electronic & nuclear .. imaging reconstruction...
( ) diffraction mission
reflect” \tab
s o g 50
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short-fr ' S 25 a
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ea’uf\g nD\ﬁ\C‘U v, porosity, aggregation... flux depression charged particles emission
i\ ' .iiaces & interfaces (n,a), (n,p)
SO roughness, planar landscape, ... resonances
dynamics & excitations :
spin-orbital, momentum distributions neutron decay time

of electrons & nuclei (single-particle & collective)
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Applications of CANS... |and much More: Magnetic Counterparts e.g., !
spin-echo resonance, depolarization

imaging, ... Talk to Roger Pynn

sca’tterogfa"‘ b \‘W
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CANS Applications

Experimental
Neutronics

; Instrumentation
Scattering & Devices

Detectors

Civil Structures

Cultural Heritage|
Interrogation

Detection of

Explosives &
Irradiation Landmines
Applications Effects on
Electroni
cc fonics Well-logging &

Mineralogy

Nuclear Data
ADS & Energy
Amplification

Nuclear Physics
Neutron Capture
Therapy
Isotope
Production
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Expenmental Neutronics: Moderator Development
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Small-Angle Scattering (SANS): Well Suited for CANS

HUNS@Hokkaido e-linac 6 kW
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Imaging & Radiography: Short-Pulse CANS ‘
HUNS@Hokkaido e-linac 6 kW

Combine imaging with crystal diffraction: Rietveld imaging
transmission spectra (RITS)

Allow concurrent analysis of crystal structures, crystalline
phases, crystallite sizes, texture, and strain

H H uantitative
Bragg edge transmission of a-Fe Qimaging of
0% o Experimental data crystallite size by
—Traditional model fitting the RITS code
s 70% | ==RITS model fitting N
= @) Texture
2z @ Crystallite size J<— &) Strain
s 60% & ‘;
< i
b _
= 50%
c
5
S 400 | N
7 40% (D Crystal structure
@ Crystalline phase 5 R
30% | , , 2.4 um 4.2 pm 6.0 um
0.1 0.2 0.3 04 0.5 Sato 2011
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v-Ray Imaging & Radiography

Combine tomography with
thermal-neutron-induced y-ray
imaging (PGA-CT):

Allow 3D elemental analysis

i—‘ / -
. 7 sample table i
SLiF slit I . i

sample

Thermal Neutron
2 x 2cm

[0 BGO detector
= Ge detector

B2 LiF tile
£ PLiF tile
. ph

Fig. 1. Schematic view of experimental setup.
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nucleus
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v

Fig. 5. The reconstruction images for a Cd sample in the form of a three-sided
pyramid of 1cm using the computerized tomography program “NIPPON", (a) A
slice figure on the bottom of the sample in the X-Z plane. (b) A 3-D elemental
image made by accumulations of slice figures.

Segawa 2009
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Imaging & Radiography: Beyond Conventional Approache

Combine imaging with epithermal neutron
resonance capture analysis (NRCA):
Allow elemental analysis, significant to
archaeometry: high sensitivity to Cu, Sn
Zn, As, Sb, Ag, Au, Pb,...

13 14 15 16 17 1

12

[T TR TR T

"

Original belt mount
Hungarian National

Museum, Budapest Andreani 2012

ISIS data
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Magnetic Structures: Beyond Conventional Approaches

Combine imaging with

polarization analysis of flipper cryostat *He aeteN
maghnetic diffraction using samp,e

polarized neutrons

Allow fundamental studies

of quantum criticality, Helmholtz coils _|l
>
dSD

magnetic inhomogeneity in
single crystals by
depolarization imaging

Ferromagnetic regions
Pd,_Ni, single crystal x=2.67%, T = 8K

Paramagnetic regions
"R O Yy Oy

—=
a
-

Schulz 2010 FRM-II data
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Neutron SEE is a Serious Threat at High Altitude & at Sea Level
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Neutron Impact on Industry and Life ‘

Single Event Effects (SEE): A single energetic particle (neutron)
strikes sensitive regions of an electronic device, e.q., logic or

support circuitry, memory cells, registers, etc., disrupting its
normal function, usually causing non-destructive soft errors.

High energy
neutron

Source

Trail of Neutron collides with
ionisation and silicon atom causing
current pulse ejection of heavy ion

“Soft errors have become a huge concern
in advanced computer chips because,
uncorrected, they produce a failure rate
that is higher than all the other reliability

mechanisms combined!”
....... R. Baumann, IEEE-TDMR, 2005

Frost 2011
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§ Zettabyte

; . 1,000,000,000,000,000,000,000 bytes

Capacity of Capacity of Capacity of human being's
3.5" Disk DVD functional memory

Exabyte
1,000,000,000,000,000,000 bytes

Petabyte
1,000,000,000,000,000 bytes

Terabyte
1,000,000,000,000 bytes

Gigabyte
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Megabyte |
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information in the world
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Measurements of Soft-Error Counts in Electronics At HUN

HUNS@Hokkaido e-linac 6 kW R s
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Neutron Interrogation of Concealed Substances: Explosive

Desirable capabilities ‘

<> Remote detection
<> Non-intrusive

< High sensitivity (chemical density, 3D volumetric
rendering)

<> Materials specific (precise, minimize false alarms)
< Rapid

< Flexible (portable, on-site deployment,...)

< Automatic
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Chemical Composition of Different Materials ‘
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Aim to be More Quantitative Than N/C Ratio Detection

Materials C H N O P F Cl S N/H
w  C4 219 36 344 401 0 0 0 0 10
= TNT 37 22 185 423 0 0 0O O 8 1
S PETN 19 24 177 608 0 0 0 0 7 1
4 AN o 5 3 60 0 0 0 0 7
Sarin 343 71 0 229 221 136 0 0 0 O
VX 495 97 52 12 M6 0 0 12 1 0
§, CA 445 37 58 0 0 0 0 0 14 1
5SS HD 302 5 0 0 0 0O 446 0 0 0
G SPhosgene 121 0 0 162 0 0 717 0 NA 0
Water o 111 0 89 0 0 0 0 0 0
- Paper 44 6 0 50 0 0 0 0 0 0
2 Pastc 8 14 0 0 0 0 0 0 0 0
Q  Salt 0o 0 0 0 0 0 60 0 NA NA

Explosives are rich in N and O but poor in H and C Gozani 2005
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“Neutron in Gamma Out” Methods (1) ‘

Thermal Neutron Analysis (TNA): In TNA the object is irradiated by slow (thermal) neutrons,
which produce gamma-rays in reactions of radiative capture with the nuclei of chemical
elements constituting ES. e.g. N: 10.8 MeV H: hydrogen 2.23 MeV CI: 7.50 and 6.11 MeV, etc.
Fast Neutron Analysis (FNA): The object is irradiated with a continuous flux of fast neutrons
with energy above 8 MeV, which produce characteristic gamma-rays in inelastic scattering
reactions with nuclei of C: 4.44, O: 6.13,.. N: 5.1 MeV. Detection of these secondary gamma-
rays provides information about relative concentrations of carbon, oxygen and nitrogen in
molecules of the inspected substance.

Neutron Resonance Attenuation (NRA): A neutron radiography technique measuring the areal
density (density times thickness) of elements present in the interrogated object.

n+N* 5N'© TNA

N"+7(10.8 MeV)

Conveyor
—— = |-

/. (14 MeV)n+Nl4%\Nl4i\+(8.9 MeV)n

N"*+y(5.1MeV)

(14 MeV)n+0" = 0! +(7.9 MeV)n
(14 Mev);?}# C” > C"” +(9.6 MeV)n 0" +y (6.1 MeV)

C”+y(44MeV) Grodzine 1990; Schubert 2006

April 1-9, 2016 « Erice, Italy



“Neutron in Gamma Out” Methods (2) ‘

Pulsed Fast Neutron Analysis (PFNA): Use pulsed neutron flux (with pulse duration of sever
nanoseconds) to irradiate the inspected object. This allows one to use time of flight informatio
to determine the location of the ES inside the inspected volume. By using collimators for the
neutron beam one can get a 3D distribution of carbon, oxygen and nitrogen in the investigated

object.
Pulsed Fast and Thermal Neutron Analysis

(PFTNA): PFTNA is a combination FNA and | =musommes  maoerioseenye  neurmos

TNA.

Nanosecond Neutron Analysis / Associated

Particles Technique (NNA/APT): Use d(t,a)n to oo u\ \

produce fast neutrons in portable neutron me O | o | _—

generators, mono-energetic neutrons (E = 14 POSSIBLE CONTRABAND

MeV) and a-particles (E = 3 MeV) are emitted

simultaneously in opposite directions. Tag n

with a to discriminate secondary y. Background

y-rays that are not correlated in time with GHiA A OFECTORS ol [

“tagged” neutrons are rejected by the data " N

acquisition system. Use of position sensitivity

of the a-detector and time-of-flight analysis

allow one to obtain 2D spatial distribution of PFNA
emical elements in the examined object.

CONTAINER

TIME TO TIME \ I\

AMPLITUDE \ 1

CONVERTER . |i|0 by
2

]

Gozani 2005
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Associated-Particle Imaging (API) ‘

Nanosecond Neutron Analysis / Associated Particles Technique (NNA/
APT): Use d(t,a)n to produce fast neutrons in portable neutron generators,
mono-energetic neutrons (E = 14 MeV) and a-particles (E = 3 MeV) are
emitted simultaneously in opposite directions. Tag n with alpha to
discriminate secondary y. Background y-rays that are not correlated in
time with “tagged” neutrons are rejected by the data acquisition system.
Use of position sensitivity of the y-detector and time-of-flight analysis allow
one to obtain 2D spatial distribution of chemical elements in the examined
object.

D (120kev) Property of D+T reaction is - 13cminsec

& used: aand n fly in opposite 1
3.5Mev v R ¥ In opp n % gcmlnsec
a B ¥- 30cminsec

Mca  TOF

foreword gamma detectors

Alpha-Gamma coincidence

4 Counting

J

Gamma Detector

1
|
I \
| 1 Dlonbeam
| I
I \J
. L | }
1 l
One Pixel |' === TiTarget
Alpha Voxel size
detector

« a-detector defines the cone of “tagged” neutrons.
=only y Tays produced in objectinside the cone are detected
= $/N ratio increases about 300 times

backward gamma detectors

shielding

Neutron generator S|m 2009
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First Commercial Scanner —

Nuctech AC6015XN

eutfon generator

X-ray detegie

Needing improvement in order to be practical

‘:’ Mulhauser
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instruments

AT . . research
| B Automated Cargo-Container Inspection System @ |

11B(d,n+y)*2C — Deuteron Energy 3-8 MeV

4.43,15.1 MeV y-rays / \ 0-17 MeV neutron spectrum
Dual Discrete Energy Fast Neutron

Resonance Radiografie
=> Explosives detection

Gamma Radiografie
=> SNM detection

/ nspection facility ==
L

Detector arrays \

Py .
A O
N K. 4

Awatlon container

\‘ ‘ « (Semi-) Automatic Inspection

| = + |sotope specific Detection

e e « Combined Explosives & SNM Detection

~ Accelerator ~_

——Bending magnet

Basemen!

Bromberger (2015), UCANS-V

Physikalisch-Technische Bundesanstalt @ Braunschweig und Berlin Nationales Metrologieinstitut
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Landmine Detection: An Ongoing Effort ‘

Mulhauser
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A Goal to be Fulfilled: Neutron Interrogation Using CANS,
To Complement Other Methods

- ""‘?-::f!"@i?_glng deted':pr .,‘\‘-’—_1 :

T —

Otake (2013)
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Success of the observation of texture @ RANS

®As-receive (0%) rather strong orientation along (110)
®Under elongation along 110 orientation

0of  Success of the observation of change

: of texture component
=0 = (4,0,0) After
= (3.3.0)
£ 300— (411 '(2’2'2) (2.2.0)
S F WEERY4
~ — 21,1
‘2 250: (4.2.0) \ l‘ " ! ( ) (1,1,0) f{ :
S o F | P s
© 200 i /
-
150
100 —
50 :_ Stress-strain curve

b Lattice constant [nm]
19 -
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_Fast neutron imaging through 30cm concrete block N
G
(>1MeV) Non-destructive inspection  observation of '

the steel bar

30cm
\ 30cm
~

>

Proton linac

Proton energy: 7 MeV
Beam current: 11 pA (avg.)
Rep. rate: 20 Hz

Pulse width: 100 ps

e S W alaoaal s lonaliag
0O 20 40 60 80 1100 120 140 160 180 200
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-

_ Success of observation difference of

steel bar In the concrete

Hole Steel 3 ch. detector - comparison with the experimental results
®18mm bars and simulation by GEANTA4.

1.02

S 08 Concrete +Pb 10cm

.94 *
%092 - Concrete

C
(48]
= 09 30cm

Insert ion bars

_ 0.88 yial=YayConcrete30cmPb10cm
Into concrete 0.86 YZal—Y37Concrete30cm
0, 1, 2 ’ 3 ' —— EE&Concrete30cmPb10cm
0.84 — EE#Concrete30cm
[ | | 0.82
0 1 7 3
l l l Number of steel bar
O O (@] @
b015/5/20 Otake (2015), UCANS-V A
A rae

April 1-9, 2016 « Erice, Italy



Neutron Therapy: Superior Biological advantage & Selectivity‘

Boron Neutron Capture Therapy

Sokol
2012 ‘ ||i

DOSE DISTRIBUTION ADVANTAGE (Physical selectivity)

BIOLOGICAL ADVANTAGE

Table 1. Characteristics of four charged-particle reactions considered for accelerator-based boron neutron
capture therapies Bjye et al. (2003) J. Neuro-Oncology 62, 19.

Reaction  Bombarding  Neutron Calculated Calculated Target Target
energy production rate  average neutron  maximum melting  thermal
(MeV) (n/min-mA) energy at 0° neutron energy  point conductivity

(MeV) (MeV) (°C) (W/m-K)
| Li(pn) 2.5 5.34 x 10" 0.55 0.786 181 85 |

‘Be(p,n) 4.0 6.0 x 10" 1.06 2.12 1287 201

’Be(d,n) 1.5 1.3 x 10% 2.01 5.81 1287 201

BC(d,n) 1.5 1.09 x 10" 1.08 6.77 3550 230

s Doy e el et bviee oo (s Ibifieatenfbantes; Wby wanlhnie wasrss dlkefeovinied] Doy cxmaniiog sitned i sl exqpreadimmenl
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thermal
neutron

y'4

tumor cell

normal cell (4 mm)

.Y/ , S . 105 [''B]
g |boron-10 . Ve A~ [ 8 4H°]

| (Contained in cancer targeting drug) Alpha particle

Path length :10

micron
|10B +In 5 [1B] 5 7Li + ‘He + 2.79 MeV I

a particles & ’Li nuclei
from boron neutron
capture therapy cut both
DNA strands of the tumor
cells

X-rays, Y-rays,
LE protons

Matsumura
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UNIVERISTY OF TSUKUBA

BNCT GROUP

Tsukuba University Hospital e

o

/

== EiEE==w

| e o e v o
Mperp—_ T T T 1 1 L

+ oo e e ) O 0
o O O - 770
) OTET TR 0 O N Y )50

f\./.

o~

|
ddddddd |
sie-e-sEia o |

Ibaraki

Tsukuba

New Tokyo
40km Narka Internation
(Narita §

® Chiba

Tokyo '

80km  “Chiba

Matsumura
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Oct,2010) issued on top page

(

Weekly Asahi, Special Issue on new treatment
Modalities
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Sample cases of BNCT Treatment
(High effectiveness & preservatoin of normal tissue)

Prof.Kato,Osaka University
5M,. after 39 BNCT

| s

Recurrent Parotid Cancer
Pr,BNCT |

L
7

After 209 BNCT

: v » :. !
L) o\
i AR
- o |
" ) W
-
-

S
o

Recumrent tumor after Surgery, Complete cure by BNCT. The patient
Chemotherapy and Radiotherapy. Skin Marked shrinkage of the fumor and was alive 5 yrs without cancer
erosion and infection is evident regeneration recurrence

of the skin

Corutsey of Kawasaki Medical University

6M after BNCT

Malignant Melanoma at foot

3M after BNCT
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Fast Neutron Therapy (FNT)

< Fast neutrons damage cells through high
linear-energy-transfer (HLET); kill cancer cells
by cutting both cords of the chromosome helix.

< HLET reduces the numbers of treatment by
>50% compared with other LLET therapies.

< Under hypoxic conditions (reduced oxygen
supply) at the tumor tissue neutrons are more
effective than x-rays.

< Currently FNT is only available at a handful
facilities in Germany, Russia, USA and South
Africa, mainly based on cyclotrons and
reactors. Reactors need special beamlines to
extract fast neutrons from the reactor core.

April 1-9, 2016 « Erice, Italy



Nuclear Astrophysics, Nuclear Data
Fe to U: s- and r-process

abundance
—r
<>

100

Red Giants

(5 -process ) Kappeler (2015) UCANS-V

s-abundance x cross section = N, ¢ = constant
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The Neutron-related Needs -

major s-process requests ‘

AGB model tests: 16 s-only isotopes

massive stars: Fe — Kr region
presolar grains: 75 isotopes

bottle neck nuclei: 15 n-magic nuclei
neutron poisons: C, N, O, Ne, Mg
neutron sources: '3C(a,n) and ?’Ne(a,n)
thermally excited el. and inel. scattering

states:
Kappeler (2015) UCANS-V
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CANS provides neutrons of energies (~MeV) comparab‘
to the temperatures of the sun and supernova explos:on.‘

DIMENSIONS ATOMS TEMPERATURE IONIZATION COSMIC
(m) (°K) ENERGY TIME
S
QUARKS (8)
<1017
ELECTRONS
1016 1 TeV 1 o-10
15 PROTONS 1013 1 GeV OF PROTONS
o NEuTRONS_ ¢
' |

105 4 10 eV OF ATOMS

10+1eV  OF MOLECULES T 10"
10  MOLECULE
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Mastinu (2015), UCANS-V 125 m Al Target backln//

Li metal Neutrons/

= SEl[E

T T T - T T
~ >

2 3 2
Proton energy (MeV) Proton energy (MeV)

Maxwell-Boltzmann
heutron spectrum

Monochromatic Gaussian-like

proton beam proton beam 0,20 W0 s 20

Neutron energy (keV)
from accelerator &

Mastinu (2015), UCANS-V

d*y doy, dQ dE, (dE,\ ' / a2y gt @y
0.E,) = N, 470 p ( P) _
deEn ( ”) 7U dQ dQ dE” dX deE” (() E” O—p\/ﬁ deE” () Ell)dE[)

p 2y The neutron
/ o (0.E,) ) sin 0 d) €= spectrum at
° ! the sample
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Applied Radiation and Isotopes 7(

Contents lists available at SciVerse ScienceDirect

Applied Radiation and Isotopes

journal homepage: www.elsevier.com/locate/apradiso

Temperature-tuned Maxwell-Boltzmann neutron spectra for kT ranging from
30 up to 50 keV for nuclear astrophysics studies

G. Martin-Hernandez **, P.F. Mastinu®, J. Praena®, N. Dzysiuk °, R. Capote Noy ¢, M. Pignatari®

“Centro de Apicacones Tecrobgicas y Desarrollo Nudear, 5™ y 30, Maye, Le Hebama, Cub T T T T T T T

INFN, Laborators Nezongl & Legnaro, Vidle ddiUniversita 2, 35020 Legnaro, ltaly

Universdaod de Sevilla CNA, Spain

! NAPC-Nuckear Data Section, International Atomic Energy Agency, A- 1400 Vienna, Austria [J Neutron spectrum |
Department of Fhysics, University of Basel Kiingebergstrasse &2, CH-4036 Basel Swiczerl [ - Fit to MBNS for kT = 30 keV
: O Neutron spectrum ||

Fit to MBNS for kT = 37 keV
! ‘ /\ Neutron spectrum IlI
» We expand the use of the accelerator-based "Li(p.n) Be reaction for astrop | N - - - - Fit to MBNS for kT = 50 keV

—_—
» High-quality stellar (Maxwell-Boltzmann) neutron spectra are calculated
» Easy control of the proton beam shape can produce the desired neutron sj >
» Weighted fit increases accuracy in setthng on the neutron spectrum temp ~
S

HICHLIGCHTS

Spectrum E E, (keV) after 0),q4 Neutron yield
foil (degree) (n/pC)

1795+ 79 90 0.9995 43
1865 + 78 0.9998 16.4
1973 + 76 0.9975 37.7

] . 1 . 1 ‘: “’-‘»i:;;_'t‘.‘_;._,__
50 100 150 200
Neutron energy (keV)

April 1-9, 2016 « Erice, Italy




Other Applications: Isotope Production -

e i A
~ Neutron rich

Accelerator ISOTOPES

neutrons >

/

R - emitter

EC. o, R -emitter

" Proton rich
ISOTOPES
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Supply Problem of 2*YMo/°Tc Isotope for Medical Use‘

Target Dissolution
& Mo 99 Processing

Target

Irradiation

Cov&dién( e edlerlands) valdlel) (Mlssqun)
| IRE Belgium) 1|1/ Lantheus (Massachuset
\ NTP(SouthAfrica) | | | | | jand others /

"m)mmnada) 1 T T

FIG. VII-1: Global supply chain of Mo and subsequent utilization schematics. Source:
www.covidien.com (October 2009)

Table 2. Comparison of the two methods (Fission and Neutron) of Mo production

35U(n, f) *Mo “Mo(n,y) *Mo
Produces high specific activity *Mo Produces low specific activity *Mo
Requires enriched 25U target Requires highly enriched ®®Mo target
Complex chemical processing Simple chemical processing
Requires dedicated processing facility Requires high flux neutron source
High-level radioactive waste Minimal waste

Modified from S. Mirzadeh, Oak Ridge National Laboratory [32]
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CANS Facilities

Operational
Name Country

Bariloche Linac Argentina
CPHS—Compact Pulsed Hadron P. R. China
Source of Tsinghua University
CYRIC: Quasi-monoenergetic Japan
neutron beam facility at CYRIC
FNG: the Frascati Neutron Italy
Generator
Gaerttner linear accelerator at USA
Rensselaer Polytechnic Institute
GELINA: Geel Electron Linear Belgium
Accelerator Facility
HUNS: the Hokkaido University Japan
Neutron Source
iThemba South Africa
KOMAC-NST, KIRAMS-MC-50, Korea
and PAL-PNF
KUANS: Kyoto University Japan
Accelerator-driven Neutron Source
KURRI-LINAC: Kyoto University | Japan
Research Reactor Institute, Electron
Linear Accelerator
LENS: the Low-Energy Neutron USA
Source
n_TOF: n_time-of-flight facility at Switzerland
CERN
PKUNIFTY P. R. China
RANS: RIKEN Accelerator-driven Japan

- Neutron Source

kSL neutron facility Sweden

Accelerator type/reaction
type

Electron linac

Proton linac

Azimuthal varying field
cyclotron

Deuteron electrostatic
accelerator

Electron linac

Electron linac

Electron linac

Proton cyclotron

Tandem accelerator,
cyclotron, electron linac

Proton radio frequency
quadrupole (RFQ)
Electron linac

Proton RFQ + 2 linacs

Proton synchrotron

RFQ linac

Proton RFQ+ linac

Proton and H, cyclotron

Under Development
Name Country Accelerator
type/reaction type

ESS Bilbao Project Spain Proton linac
FRANZ: Frankfurt Neutron Source Germany Proton linac
at the Stern-Gerlach-Zentrum
LENOS: Legnaro Neutron Source Italy Proton RFQ
n@BTF:The Frascati electron-driven | Italy Electron linac
source
nELBE: Time-of-flight facility at Germany Superconducting
the Helmholtz-Zentrum Dresden- electron accelerator
Rossendorf (HZDR)
NEPIR' NEutI‘OIl and PI‘OtOIl Italy Proton Cyclotron
[Rradiation
NUANS: Nagoya University Japan DC accelerator
Accelerator-driven Neutron Source (dynamitron)
UTCANS, University of Tokyo Japan Electron linac
Van de Graaff @IRMM, Institute Belgium Tandem

for Reference Materials and
Measurements
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Education and Mentoring ‘

1 Interactions among scientists (e.g., accelerator & neutron ‘
physicists), engineers, and students
2 Include CANS in neutron schools and workshops

3 Books about CANS:

Neutron Scattering Applications and Techniques (Springer)
Series Editors: lan Anderson, Alan Hurd, & Robert McGreevy

Upcoming volumes:
Compact Accelerator Driven Neutron Sources: Physics,

Technology and Applications
Editors: David V. Baxter (Indiana U), Michihiro Furusaka (Hokkaido U),

& Chun Loong

Neutron Experimental Methods in Cultural Research
Editors: Nikolay Kardjilov (Helmholtz-Zentrum Berlin) and
Giulia Festa (U Rome)
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Union for Compact Accelerator-driven
Neutron Sources (UCANS)

UCANS

<> Established in 2008
< 14 members in Americas, Asia and
Europe, encompassing
<~ Academia
<~ Government labs
< Industry

‘ T\
W\H?
W

Ll Neutron News, 25(2), 12 (2014); ibid 22(1), 7 (2011)

Japan

ANL _ RAL J. M. Carpenter (2012)
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Collaborative & Complementary: Capability vs Capacity ‘
=UCANS-VI, China, Nov 2016 5 S 9%
=>Workshops on Neutron Scattering Landscape in Europe - 2015 .E % g §
UCANS-V : 2 85
2015 3 08 3
Padova, ltaly N 8 S 2 =

n o0 =
=JCANS - 2014 525
c _g 8 %
UCANS-IV 55 2
2013 + i +
Sapporo, Japan 1 g 1
55
3 3
UCANS-III S =
2012 ., o3 |
Bilbao, Spain 2 273 1
EE
5
UCANS-II E-
2011 . SE !
Bloomington, IN US 6 g 2
e
o
UCANS-| 3
2010 £ i
Beijing, China S
g
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Concluding Remarks

<> CANS have demonstrated their cost-effectiveness & usefulness ‘
in continuing development of high-power neutron sources,
instrumentation and in user training

<> CANS are expanding rapidly to cross-disciplinary applications
spanning fundamental research and industrial development

< Historically, many CANS were spinoffs from legacy accelerator
projects. But in view of the need for networking the
communities (materials, nuclear, medical,...) and for
maintenance of a healthy neutron-scattering capacity for the
future, perhaps it is time to contemplate new ‘medium-flux’
neutron sources — the ABC neutron sources.

Accelerator-driven Brilliant & Compact

Thank you
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ABC NS
Thank You

&

Questions
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