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Neutrons in nature: extracted from nuclei, needs energy
(e.g. cosmic radiation, ...)

Fast neutrons produced / joule heat deposited:

Fission reactors: 3x1010 (in ~ 50 liter volume)
— Spallation (> 400 MeV): 2x10% (in ~ 2 liter volume)
Electron accel.: (50 MeV) 2x10° (in ~ 0.01 liter volume)
— Low energy p.: (5 MeV): 2x108 (in ~ 0.001 liter volume)
(100 MeV): 2x10° (in ~ 0.01 liter volume)
Neutron generators:
tabletop fusion ~ 106 (in ~ 107 liter volume)

Spallation: lowest costs per neutron

Compact source: lowest costs per facility



Neutron production: energy deposited in atomic nuclei —» fast neutrons

Economy of fast neutron production by accelerated protons

Proton energy Target p beam energy/fast
(MeV) neutron created
(MeV)
2 Li 100 000
5 Li 10 000
10 Li 6 200
25 Be 3900
50 Be 1900
100 Be 1 000
200 Ta 700
400 W 60
Advanced neutron source 1300 w 25

Cf. 235U fission in reactors 190



Nuclear fission (1938)
(O. Hahn, L. Meitner, O. Frisch)
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Den osterrikiska lgiirnfysikern ; :

LISE MEITNER
(1878-1968)

bodde hir vid jultiden 1938 som flykting frin Nazityskland tillsammans med sin syster-

son, fysikern Otto Robert Frisch; huset var da pénsionat. I ett brev fran hennes tidigare

medarbetare i Berlin, kemisten Otto Hahn, beskrev denne ett férbryllande experiment..

Nar en urankirna bestrilades med neutroner bildades ett littare grundamne, barium.

Meitner och Frisch diskuterade fenomenet i Kungilv och kom fram till att urankirnan
: klyvs i tva delar under stor energiutveckling. Resultatet blev en avgorande forklaring till
- karnklyvningen.

For upptackten belonades Otto Hahn med nobelpris i kemi. Lise Meitner, som o

les fler  ganger till savil fysik- som kemipriset, fick aldrig nagot. Ar 1997, trettio ar
n d : edrades hon dock genom att fa ge namn ét grundimnet meitnerium.

il S v A Skenir MEITD Rivshatehiers | der Weihnachtszeit 1938 mit ihrem Neffen, dem
. : sch als F Deutschland. In einem Brief des Berliner Chemikers

ung der Kernspaltung. Lise Meitner
eiBig Jahre nach ihrem Tod wurde sie dadurch

refugee from Nazi Germany with her nephew,
n as posed to them by Otto Hahn, her

for the prize several times, Lise
e element Meitnerium named after her.




Nuclear fission (1938)
(O. Hahn, L. Meitner, O. Frisch)
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Chain reaction (L. Szilard 1934)



Chain reaction (L. Szilard 1934)

Abstract of GB630726 (A)

Translate this text info

| German [=] E EIEIIE T EAET N covwnred by EP and Google

630,726. Producing neutrons. SZILARD, L. June 28, 1934, Nos. 19157 and 19721. Fig. 3 Py
[Class 39 ()] A neuiron chain reaction generates power and produces radio-active ;‘1; "// - 4
isotopes. The reaction takes place in a mass 3, Fig. 1, comprising indium and el Fic.iiAl
beryllium, bromine or uranium. Fast deuterons from a canalray tube 1 bombard a [ ﬂﬁ"ji 7

e

deuterium target 28 to produce initiating neutrons which react with In=115= to
produce In=112= and " tetra neutrons " of mass about 4.014. These tefra neutrons
react with the Be, Br or U to produce double the number of simple neutrons,
thereby providing a chain reaction. Emerging neutrons transmute a layer 9 to
produce radio-active substances. Alternatively, Fig. 3, the initiating neutrons may
be produced by passing cathode-rays through a sheet 402 of Pb or U to generate
hard X-rays which react with beryllium in the mass 3 (or an inner mass 407) to
yield neutrons. The critical thickness of the layer 3 for a seli-sustaining chain
reaction is stated to be of the order of 50 cms. Tetra neutrons are stated to be fo
produced when neutrons of 100,000 e.v. to 8 m.e.v. energy react with the In=115=_ !I E

Fower is obtained by heat exchange from water or mercury passing through 'y
cooling tubes 107, 110, 111. Other methods of obtaining the initiating neutrons are

described in Specification 440,023

— nuclear weapons
Secret patent: Szilard delays nuclear arms race

— research reactors
— nuclear energy



Nuclear fission (1938)
(O. Hahn, L. Meitner, O. Frisch)

A. Weinberg: beam tubes

141 .
Ba in reactors

92 Kr

O
| E. P. Wignher: nuclear reactors
N g
O o

© + 190 MeV

Chain reaction (L. Szilard 1934)



Nuclear fission
(O. Hahn, L. Meitner, O. Frisch)
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Fission fuel: enriched 23°U

Shielding: @ 10 -
12 m

Example of a fission
reactor (HMI)

Thermal neutron source (Be
reflector)

Cold neutron source (liquid
H, bottle)
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Example of a fission
reactor (HMI)

Thermal neutron source (Be
reflector)

Cold neutron source (liquid
H, bottle)
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Bispectral beam extraction

HZB EXED (60 m guide, measured)
-------------- cold Maxwell spectrum (47 K)
----------- thermal Maxwell spectrum (270 K)
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Fission fuel: enriched 23°U

Low (<20 %) vs. high enrichment
Plutonium in waste
Neutrons for waste transmutation
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Neutron monochromatization — analysis

Mechanical chopper devices

Crystals — select desirable wavelength
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Neutron monochromatization - analysis

Detectorchamber I

Cryomagnet

Sample

Detectorpanels

Detector rails

Detectortubes 4 -

Neutron beam
Neutron guide

Chopper
PP Neutron

Source
; (reactor)
, ;’?/

Focussing guide



Efficiency gain by pulsed neutron sources

5 MW spallation source:
coupled cold moderator flux ~ ILL cold source
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Part of spectrum used by a diffractometer for
large structures (e.g. biological membranes)
continuous source
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Part of spectrum used by a D22 (ILL) class
instrument (Small Angle Neutron Scattering)

continuous source
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Part of spectrum used by a SANS instrument

continuous source

6x10™

50 Hz pulsed source
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Part of spectrum used by a D22 (ILL) class instrument

14 Hz pulsed source
continuous source 50 Hz pulsed source
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Part of spectrum used by a D22 (ILL) class instrument

14 Hz pulsed source
continuous source 50 Hz pulsed source
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Neutron production economy:

puI565

200 MS
Core

Additional Movable
Reflector

/240/”15/'

Stationary refiector

Water moderator

Main Movable
Reflector

IBR-2, Dubna

Pulsed reactor source

pulsed reactor

Time average power:
2 MW

Peak power in pulse:
850 MW

Great fuel economy!

Long pulse reactor: Dubna >2030, 15 MW, ~0.5 ms pulses
~5 Hz — peak flux 100 x ILL



Sate-of-the-art: short pulse spallation sources

(m' ‘/ Front-End Building i =
Central HAA T ’\/ Klystron Building g T

L'q"gﬂfé:ﬁg 5 s \“‘ Lmac Tannel Ring
/

NS <
Radio“Frequency m - < .
Facility / ‘V,‘r P s
Support / o 4 . Target

Buildings B“"d'"g

Nan?;phase
Materials

<" - e 5 < -
. 20 N R Sciences
£ o SR A
Joint Institutefor i
Neutron Sciences . .

SNS (Oak Ridge, USA) J-PARC (okai Japan)

Central Laboratory
and Office Complex

Instantaneous power on target (e.g. 1 MW at
60 Hz, i.e. 17 kj in ~1 us pulses on target): 17 x
— Pressure wave: 300 bar

Reaches limits of technology



Production of slow neutrons: the "source"

Two step process in the target station

A) Series of nuclear reactions: B) Collisions with H atoms:
spallation — fast neutrons moderation — slow neutrons
~100 billion °C "Hot": ~ 2000 °C

"Thermal": ~ 20 °C
"Cold": ~ -220 °C = 50 K = 1000 m/s

High-energy Proton
? 3

Tungsten or Lead
Muclewrs

® O
Praoton Baam HZO
- Metron ..\. H2

o -
— lonization!

Fig. 1 - 2

Time: << 1 pus 10 — 500 ps



State-of-the-art spallation target (SNS)




Target drive housing

\'i'

Steel
shielding

Neutron beam
extraction
Target wheel
Moderator and reflector plug

Proton beam window

Neutron beam window

Functions:

« Convert protons to neutrons
» Heat removal

« Confinement and shielding

Unique features:

* Rotating target
« He-cooled W target

Safety of public, staff, environment < cost & schedule

Example: accidents with probability > 1 in 1 million years and

>11in 10 000 years — effect on public must be less than 4 years of natural
radiation in Sweden. Includes > 6 scale earthquake.
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Short pulse spallation sources
pulse parameters imposed by the source design and/or fixed at
each beam-line



Next generation: long pulse spallation sources
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Cost equivalent linear accelerator alone
can produce the same cold neutron
pulses by ~100 us proton pulses at ~

0.15 GW instantaneous power —
Leave the linac on for more neutrons
per pulse and higher peak brightness...
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Cost equivalent linear accelerator alone
can produce the same cold neutron
pulses by ~100 us proton pulses at ~

0.15 GW instantaneous power —
Leave the linac on for more neutrons
per pulse and higher peak brightness...

and use mechanical pulse shaping —>
E ~ 300 kj/pulse Long Pulse source
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Cost equivalent linear accelerator alone
can produce the same cold neutron
pulses by ~100 us proton pulses at ~

0.15 GW instantaneous power —
Leave the linac on for more neutrons
per pulse and higher peak brightness...
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] and use mechanical pulse shaping —>
M ~ kj/pulse
: 300 kj/p Long Pulse source
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s 010” ] / \ ESS: 5 MW accelerator power
ot — more neutrons for the same costs
' \ and reduced complexity
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Cost equivalent linear accelerator alone
can produce the same cold neutron
pulses by ~100 us proton pulses at ~

0.15 GW instantaneous power —
Leave the linac on for more neutrons
per pulse and higher peak brightness...
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: 300 kj/p Long Pulse source
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Instantaneous brightness [n/chds/str/A]

1,2x10" -

1,0x10"

8,0x10" -
6,0x10" -

4,0x10"

2,0x10° | /2

00 1/

Cost equivalent linear accelerator alone
can produce the same cold neutron
pulses by ~100 us proton pulses at ~

0.15 GW instantaneous power —
Leave the linac on for more neutrons
per pulse and higher peak brightness...

and use mechanical pulse shaping —>
Long Pulse source

ESS: 5 MW accelerator power
— more neutrons for the same costs
and reduced complexity



Safe target for high power spallation

No fissionable material....
but significant afterheat (decay heat)
Safe solution: rotating target




Vertical position (y0) [cm]

Vertical position (y0) [cm]

New moderator concept: follow the walls
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SPALLATION

Qualitatively new level of beam performance @925)

- ESS 5 MW, 3 cm flat « ”
moderator I.3utterfly
ESS 5 MW, TDR 2013 bi-spectral
— — |SIS TS1 128 kW derator:
ul A= 2 _ moderator:
> 26 A — ISISTS2 32 kW =11A cold, thermal
—— SNS 1 MW ’
= J-PARC 300 kW
---- ILL 57 MW
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New perspectives

ESS 5 MW long pulse source:
order of magnitude more neutrons
for same costs

ESS Campus

400

Instrumental progress (x70)
+ new source (x300):

300

4 hscans —» willbemadeinls

?7?

200 4

S(Q,0) [a.u.]

100

T T e I-Ilu

0.5 1.0

Energy transfer 7io [meV]



New perspectives

.| ESS5MWlong pulse source:
o order of magnitude more neutrons
for same costs

ESS Campus

400

Instrumental progress (x70)
+ new source (x300):

300

4 hscans —» willbemadeinls

200 4
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Learn from life sciences how to study huge and one by one poorly
understood data sets: look for systematics in the "raw" pictures



Compact neutron sources

Costs: ~10-100 M€

Power: 5-50 kW
Flux: ESS /1000000 I E ‘\‘ S N, =

The Low Energy Neutron Souche;f




4, Comﬁact Sources (for Retail Use)
UCANS: Union for Compact Accelerator-driven Neutron Sources

(http://www.ucans.org/)

Long-term occupation and on-demand access enables
pioneering works and practical applications in industry.

Japan Collaboration on Accelerator-driven Neutron Sources

lsgan Calubseryica on M cnorwin drivn esiree Toeroe

el

RANS Researches: Optics R&D, principle proof

Ajlgﬁlications:

- ETN: Boron Neutron Capture Therapy
JSHIEENRT — TN CN: Radiography

: TN CN: Bragg-edge Imaging and Microscope

VCN: Focusing SANS, Imaging Reflectometry

Japan 2017: physics & materials: 9, medical: 10

Europe 2022: 4 -5 plans
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Opportunities for (all) neutron sources

Advances in neutron technology in past ~ 25 years: gain in efficiency
of using the neutrons produced in a source

- Pulses with respect to CW (in scattering work) X 20
- Systematic use of supermirror optics x 10 — 20
- Bi-spectral beam extension X1-2
- High brightness low dimensional moderators X3

Total moderated flux on sample per fast neutron: X 600 — 2400
- Upgraded scattering instruments on average x 10
- Adapted data collection for background / spectral feature X5 =50

Total data collection rate, up to

e x 500 000

Counts / 90min




Neutron research in Europe: %

~7000 scientists, decreasing no. of facilities el
’mu%‘arge

O major upgrade of source
Bl operation fill major upgrade [l “assured” operation [l possible extension of operation

@ : SPAR-15, Rez, Czech Republic

I I N — S T | | |
® FRG-l, Geesthacht, Germany

— — ) (A | | |

& BRR, Budapest, Hungary
F'l2, Studsvik, Sweden

: |
DR3, Rise, Denmark

: |
FRJ-2, JUlich, Germany
HOR, Delf, The Netherlands

I I
ILL.I Grenoblle, Framl:e
Cl)rphee, Saclay, |France
| IBR-2, Dubna, Russia

ISIS, Didcot, UK

| |
BENCS, Berlin, Germany | )
SINQ, Villigen, Switzerland

65

P
ESS 7222727777777

| |
FRM-I, Garchlnr, Germany

1850 1980 1970 1880 1990 2000 2010 2020 2030 2040 2050 20680

year
Peter Al enspach, ENSA Chairman ECNS'O7, Lund, Juna 27, 2007



Trends and opportunities

Multi-MW long pulse spallation sources
- order of magnitude higher flux / sensitivity for the same costs
- order of magnitude better energy efficiency
- costs: 3 B€ construction + 200 M€ operation/year

Compact accelerator driven sources

- ~0.1- 5% of costs for 0.01 — 0.1 % of neutron production
- can be installed at industial facilities, universities, hospitals
- distributed networks for many users

No use of fissionable materials: access / security simpler

Great potential: neutrons for nuclear waste incineration



