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Introduction "

* PhD Experimental Nuclear Physics — @)

University of Brighton o5 T
« Attended this Summer school in 2015 TR | T
» Started a role at UKAEA as an analyst in 2017 ,
! ' Fi5ist

» Became responsible for the radiometric lab o
« Started building a group of radiometric analysts

« Grew my portfolio of work in fusion

 Became group leader in 2023

Neutron Spectrum Unfolding for the Development of a Novel Neutron Detector
for Fusion

C.R. Nobs™*, L.W. Packer®, P. Batistoni®, B. Colling®, Z. Ghani®, M. R. Gilbert®, §. Loreti®, K. Mergia®,
S. Messoloras®, I. Michelakaki€, M. Pillon®, M. L. Savva®, L. E. Stamatelatos®, K. Triantou®, T. Vasilopoulou®

aCulham Centre for Fusion Energy, Science Centre, Abingdon, Oxon, OX14 IDB, UK
BENEA - Department of Fusion and Technology for Nuclear Safety and Security via E. Fermi 45, 00044 Frascati (Rome), laly
“Institute of Nuclear & Radiological Sciences and Technology, Energy & Safery, NCSK Demokritos, Athens, 15310, Greece

Abstract

In future fusion power plants, such as DEMO, the D-T neutron emission rate is predicted w exceed 1 x 102 ns 1.
Accurately monitoring neutron energies and intensities will be the primary method for estimating fusion power, and
calculating key nuclear parameters, including the tritium breeding ratio and nuclear heating. The Novel Neutron
Detector for Fusion (VERDI) project, implemented under the EUROFusion Enabling Research 2017 program, aims
to develop a detector capable of withstanding the harsh environment of a future fusion power plant. The VERDI
detector is based on the foil activation technique, which relies on neutron spectrum unfolding methods to process the
convolution of gamma-ray measurement and detector response function to infer the neutron energy spectrum. This
paper details the experimental method and results collected using six prototype VERDI detectors during an initial
experiment performed in July 2017 at the ENEA Frascati Neutron Generator (FNG) under D-T neutrons (14 MeV).
The measured activities of product isotopes are compared with equivalent data calculated using the FISPACT-11 code
to provide an average C/E,., agreement of 1.05+0.13. Experimental results from the FNG have been applied to
neutron spectrum unfolding techniques using established unfolding codes, MAXED and GRAVEL.

Keywords: neutronics, neutron detector, FNG, unfolding, neutron activation
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Day 1:
- Introduction to Fusion
- Neutron Diagnostics on Current Machines
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The world needs energy

M Coa ® 0.00CW  0.0%
M Gas@ 8.69CW 26.8%
,r 38.8% renewables
Solar @ 6.44C'W 19.8%
8.69CW

26.8% Wind @ 6.01CW 18.5%
¥ Hydroelectric & 0.16CW  0.5%

22.2% other sources
Note: percentages are relative to demand, so will B Nuclear @ 4.64GW 14.3%
exceed 100% if power is being exported B Biomass ® 255CW  7.9%

Source: https://grid.iamkate.com/
Accessed: 29" July 2024
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The world uses a lot of energy and as
populations increase and technologies
develop so does energy consumption

How to manage a shift from fossil fuels to low
carbon sources?

How will we meet baseload power
requirements of the future?

‘Net Zero’ by 20507


https://grid.iamkate.com/
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Energy per mole from the DT reaction

Molar masses:

D ~2.013g, T ~3.016g; He-4 ~4.0026g, n ~1.0087¢
Mass difference:

Am = mp+m-m,.-m, ~ 0.018 g per mole

Energy = (A m)c? = 1.6 x 102 J per mole

Average energy usage in the EU for 1 person ~ 20kWh/day:
5g of fuel ~ 63 years of energy for one person!

Energy per kg - DT fusion is a factor of between 10 and 14
million times that of coal depending on coal sources



Nuclear fusion in stars

Hellum
Hydrogen
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Nuclear fusion on Earth
Energy

cross section (barn)

Authority
10 _ Bretscher State |
1 —D-D 16.84 MeV }/
—D-T 10* 2"
1 || —D-3He i >, .5 0.05 MeV
- o D+
T-T w 16.79 MeV X
’ 10" \
10-1 ; \‘\
] 102 )
. = \ AE=17.59 MeV
102 E 2 10 \
103 : 10* = ——— DT (with3/2*res.) ‘\
1 10% ] )’,” ==== DT (no%:'res.) \\“
4 ', ........ DD,,, \‘
10 100 1000 10 107 10" 10° ‘He 0 MeV \
E, (MeV) \ |
KT (keV) ey -0.80 MeV
‘He+n
2D+2D > 3He +n (Q = 3.27 MeV)
D He S 4He + 14 (© = 18.3 MeV) DT fusion cross section exceeds the deuterium-deuterium
Q=18 (DD) cross sections by a factor of 100, thanks to the A=5
D+°T > “He+n (Q =17.6 MeV) J7 3/2+ “Bretscher” state
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Benefits of fusion

Less Radiotoxic
Waste than Fission

Only structural material becomes
radioactive in fusion

Continuous Supply

Fusion will provide reliable power and costs are ‘ i

predicted to be similar to other energy sources.
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High Fuel
Efficiency

Fusion produces more energy per gram of fuel than
any other process that could be achieved on Earth

Safe

There is no risk of a runaway reaction with
fusion

Abundant Fuels

Deuterium can be extracted fro water and
tritium will be produced inside the reactor

1
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Challenges of Fusion

Energy
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Requires investment, political will, and skilled, dedicated scientists and engineers to solve
technological and materials problems

Fusion is not a silver bullet — going to need fission and renewables in the mix

Fusion is moving from the research phase to the delivery phase. Key technologies and
materials needed for power plants have not yet been fully tested and demonstrated

Plasma science Fuel handling

Confining fusion fuel in a plasma at Breeding and handling tritium fuel to
temperatures ten times hotter than the Sun’s core. power commercial fusion reactors.

The six
Plasma exhaust challenges Robotic maintenance

Designing an exhaust system to deal

8
with the intense heat from the plasma. Of fus'°n

Maintaining the reactor entirely with
robotics and remote maintenance techniques.

Materials science Innovative engineering

Developing materials that can withstand

Taking advantage of new engineering and
the demanding conditions inside a fusion reactor.

manufacturing techniques to advance fusion development.

STFC Nuclear Physics Summer School 2024 — Neutron Spectroscopy



Several Approaches to Fusion i
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Inertial Gravitational Magnetic
Confinement Confinement Confinement
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Joint European Torus (JET)
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Fusion power (MW)

18

16 -

14 -

o s I
470\ : o
) EUROfusion UK Atormic
\ =7 Energy
— Authority
—— DTE3 campaign (2023)
DTE2 campaign (2021)
69 MJ DTE1 campaign (1997)

3 4
time (5)

JET has achieved the largest amount of energy ever achieved
in a fusion experiment — using just 0.2 milligrams of fuel.

https://www.euro-fusion.org/devices/jet/
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The Triple Product (Lawson Criterion)

Authority

It compares the rate of energy being generated by fusion reactions

TEMPERATURE (T) within the fusion fuel to the rate of energy losses to the environment.

Up to 10 times hotter than
the Sun’s core

150 million °C

Reactivity: depends on
temperature Volume

/

Pfu_._.; = npnrt ((J"U>g& V

4

Densityof Dand T

DENSITY (n)

1 million times less dense
than the air we breathe

16 MW PLASMA
POWER

Energy of alpha

High temperature to give nuclei the energy to overcome

CONFINEMENT TIME (7
(7e) electrostatic repulsion, but too high and the nuclei are not

Currently on the order of

1 second near each other for long enough for fusion to occuir.
High density increases the chance for reactions to occur,
N _ 12kT but too high and collisions instead take place between
Conditions required |y Tg 2 nuclei and electrons (Bremsstrahlung).
for ignition: <oV>c¢
o

The time the plasmais maintained at a temperature above the
STFC Nuclear Physics Summer School 2024 — Neutron Spectroscopy critical ignition temperature-
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Transmission Line

Ohmic (resistive) heating
The plasma is an electrical conductor, so the magnetic f|elds induce an
electrical current which travels through the plasma. Electrons and ions

Electric W — Antenna become energized and collide creating "resistance" that results in heat.
Current A Ohmic heating becomes increasingly ineffective at high temperatures.
, Elect\;vo:;aegnenc

3

Radio Frequency
(RF) Heating

Ohmic Heating

Radio Frequency (RF) heating:
Inject high power radiofrequency waves and microwaves into the plasma

Energetic hydrogen Neutral Beam Injection (NBI) heating:

D* or T* ions are accelerated by a magnetic field, a "neutralizer" rips them of
Neutral Beam . . : ' :
Injection their electrical charges, allowing them to penetrate the tokamak's magnetic
Heating cage and enter the plasma where they deposit energy through collisions.

Burning plasma
A plasma in which the heat from the fusion reactions is confined within the plasma efficiently enough for the self-

heating effect to dominate any other form of heating and external heating methods can be strongly reduced. It is
hoped this will be demonstrated in ITER.
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Divertor

HOW IT WORKS:
THE SUPER-X

DIVERTOR

X Super X Snowflake Double null
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* Even if perfect confinement (r = « ), plasma loses energy
by radiation in 3 ways:

o bremsstrahlung: P ~ nZ2 - collisions of electrons and
lons

o synchotron (cyclotron): P ~ nZ - electrons spiralling
around magnetic field lines

a line emission: P ~ (nZ)2 — electrons bound to impurity
lons that are not fully ionised

» Therefore, crucial to keep low impurity levels also with low Z

Mega Amp Spherical Tokamak Upgrade (MAST-U)

Plasma science machine addressing key physics issues for ITER,
primarily the plasma exhaust system — trialling the Super-X
configuration.

Differs from JET which is a conventional tokamak. The spherical
tokamak has excellent potential for compact test reactors and
smaller cheaper power plants.

https://ccfe.ukaea.uk/programmes/mast-upgrade/


https://ccfe.ukaea.uk/programmes/mast-upgrade/

Tokamak diagnostics K o

Energy
Divertor spectroscopy Regggoec&:;ng 14 MeV neutron spectrometer Authority
LIDAR Thomson scattering —u] ) / > Edge LIDAR Thomson scattering
Divertor LIDAR Thomson scattering _, 1 2.5MeV Time-of-flight neutron spectrometer

Fast ion and alpha-particle diagnostic

Fastion and alpha-particle diagnostic ‘}* i ‘ g ‘_1‘/ ' High energy neutral particle analyser
VUV and XUV spectroscopy of divertor plasma \x IR W1 aMev Neutron Reciprocating probe (a)

S0kV lithium atom beam it | | 4spectrometer > -
VUV spatial scan N RN 4/5 r’ i , = eutron activation
Multichannel far infrared interferometer N il -

2.5 MeV Time-of-flight neutron spectrometer

1

Laser injected trace elements e T ALY V iR .2
Bragg rotor x-ray spectroscopy; - B = s i o o =N Active phase 14MeV Neutron
VUV broadband spectroscopy \ o~ e k 4 2o soft X-ray cameras Spectrometer
A f 6/7 o~ > Aclive phase
VUV spatial scan

neutral particle
analyser

CCD viewing and
recording

X-ray pulse height spectrometer _ Grazing incidence XU

l broadband spectroscopy Bolometer | '51‘
. = S0, 1A _ ol Compact, VUV camera
- : — s o oo ) i > ) ) _cameras i
" ! o e H-alpha and visible il | et \ .
2.5MeV Neutron spectrometer —s\PEA, Hard X-ray monltors |ght monitors Brem __ MG Compact, in-vessel
. — e . ,) 3 | - ‘ g soft x-ray camera
e = Compact, re-entrant
% Charge exchange\ L. soft x-ray camera
] recombination &
Time resolved

44

neutron yield monitor ’ ';.. > MR 15 i Time-resolved neutron yield monitor

O-mode microwave interferometer <~ | i \
= E- mode rellectomeler 3
Electron cyclotron emission heterodyne

Bolometer cameras

p PG -
Aclive phase T 2/3 Hard X-ray monitors

soft X-ray cameras

X

— 2348 High resolution X-ray
é, ! l Q W<l crystal spectroscopy

i P Divertor g: gas analys:s
using Penning gauge
1G9 6815 L*-— y

Neutron yield profile monitor -

Endoscope

' Neutron activation CCD Viewing and Recording
1 6 | STFC Nuclear Physics Summer School 2024 — Neutron Spectroscopy
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Neutron spectra in tokamaks UK Aoric
Authg?/ity
16 :
15 — DEMO FW _ _ _
1071 — ggz:gg - | ] « The plasma will produce monoenergetic neutrons either
ch—g 10" 4+ — JET-DD : 1 14 MeV (DT) or 2.5 MeV (DD)

L2 e JET-DT M é

« 14 MeV fusion neutrons lose energy by elastic and in-
e elastic scattering events with material in the device
~o surrounding the plasma
3 * Hence even at the first wall there will be a large range of

neutron energies

o A
Radio Frequency MR Radio Frequency

10° 10" 10° 10® 10* 10° 10%° 107 :
NeUtron Energy (ev) T un\‘enna ;t< —— First wall elE] a:iima

—£5 8 protective tiles

— ——

Radio Frequency >
current drive antenna

* Measurement of neutrons directly relates to fusion power
* Plasma and fuel parameters can be derived from neutrons
o fuel ratio (nT/nD)
o fast ion temperature and alpha energy distribution
o alpha particle density profile
o fast ion related MHD instabilities

Divertor - to exhaust excess
heat from the plasma
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14 MeV neutron spectrometer e

Energy
Magnetic Proton Recoil (MPR) spectrometer AUHTEI]

Based on the principle of the proton recoil telescope, initially for 14 MeV neutrons.
« Collimated neutrons scatter elastically on hydrogen nuclei (protons) in a thin plastic foil
* The energy distribution of the ejected protons is measured in a semiconductor detector.
« The neutron spectrum can then be deduced from the proton spectrum, given knowledge

of the geometry of the instrument.

JET
Vacuum vessel

Three identical telescope modules arranged one behind the other, to increase efficiency
7 Octant 7

/" horizontal port without worsening resolution.
; * Horizontal line of sight to the plasma Vacuum
Line of sight % Pre-collimator  The detector is physically shielded . Shied Recoling protons

“af <\_:’-—\:_Q;arneulron beam ==

‘, .-.,\_-;- ! | = - - 21N .
L MPRU N o ‘
g - - LT S
// Adiustable aperture To access 2.5MeV (DD) neutrons. R

! "\’4 '- J':_ 4 - array of plastic
55

scintillators (hodoscope)

Each element of the hodoscope has a
Torus hall wall fast plastic scintillator facing the
incoming protons as the top layer and
a second thicker slow scintillator. The
. different timing properties makes
pulse shape discrimination possible.

https://scipub.euro-fusion.org/wp-content/uploads/2014/11/JETP98030.pdf
https://scipub.euro-fusion.org/wp-content/uploads/2014/11/EFDC060108.pdf

Neutrons |
1 Annular polyethylene
foil

Collimator block

1 8 | STFC Nuclear Physics Summer School 2024 — Neutron Spectroscopy



https://scipub.euro-fusion.org/wp-content/uploads/2014/11/JETP98030.pdf
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2.5 MeV Time-of-flight neutron spectrometer s

Time Of Flight neutron spectrometer Optimized for high count Rate (TOFOR) ALY

* Requires direct lines of sight to the plasma (vertical in JET)
* Neutrons leave the plasma through a vertical port through a collimator.

* Neutrons enter TOFOR through a small scintillation detector, where they
scatter on hydrogen giving a signal in the first detector.

« The scattered neutron then travels to an upper detector array resembling an
umbrella.

» The time between the first and the second pulse gives a measure of the
neutron energy.

10°
10*
10°
10?

10

; --,"-.-_"
o
Nk

These devices are large, complex and
manpower-intensive.

https://scipub.euro-fusion.org/wp-content/uploads/2014/11/EFEDC060101.pdf

1 9 | STFC Nuclear Physics Summer School 2024 — Neutron Spectroscopy
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Neutron yield profile monitor UK o
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Requires direct lines of sight to provide neutron emission as a function of both position and time.

The neutron profile monitor consists of two concrete shields which each provides Vertical camera
a fan-shaped array of collimators. There are two neutron detectors, NE213 liquid e
scintillators and BC418 plastic scintillators, pulse shape discrimination can be
used to distinguish neutrons of different energies.

The ratio of the 2.5-14 MeV neutron yields provides a measure of the ratio of the
densities of deuterium and tritium in the plasma. Used (1999) to study the
transport of tritium into a magnetically confined plasma

Horizontal camera

4450

Off-axis T-beam Off-axis T-beam On-axis T-beam . .
(0= 4.5x1019 m3  n,(0)=1.8x101® m3 n.(O)y=4dxioiems  AISO used for taking preventive

S ... Or mitigating actions against
*impending disruptions by
monitoring the radiated power
In different plasma regions.

p 61046 22620000

Computationally intensive task | . —
typically performed using
machine learning. [ 7620

https://www.researchgate.net/publication/253863077_Neutron_profile_measurements_for_trace_tritium_experiments
STFC Nuclear Physics Summer School 2024 — Neutron Spectroscopy
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Usually, the 115In(n,n’)115mIn activation reaction is used for DD neutrons and
28Si(n,p)28Al, 63Cu(n,2n)62Cu, 93Nb(n,2n)92mNb reactions for DT neutrons

oo

Short term irradiation (8 ends in total, 2 are used) e g ,:f:,_m
i ) [ — i =
1] FAEWW ok i
@ 25 h%\ -
~60 T \I\J{LY:E;S
@19 ' \ Vi
/
pt% \/I( .
) NE= s g
o [ g
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Neutron spectrum unfolding o
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Response functions. Activity induced in the foils can be used to infer the
etermine! roug . . . - m
caloulations for each reaction neutron energy requwed to generate those activities.
Afrk
o . . Spectra e e " C = total number of
ﬂ %E&'%E'ﬂ-;ﬂifﬂfﬁﬂﬂux > nfarding L) Unikedspecraconsient ] Tl s 1 counts int, - t,,
uncertainties
- Vit - '—B B =the number of
j"l{f F= £ background counts in t, - t,,

a
r

|

I

[ & = the overall counting
| efficiency (including any
|

|

L'l

|

1 .

1

| r

| b
Target measurements : r

H .

1

1

1

1

and uncertainty
The calculated reaction rates ! i
- derived from the experimental % S'E'lf-absﬂrptlﬂﬂ Eﬁectﬁ-};
m gamma spec measurements [ o o o - ,.ffl
Loop to sample 1]} fy Iy § —
measurement uncertainty
10% e » Because the activity is continuously decaying during this stage, careful account
. must be made of each of the times involved.
E 1010
Wid ietv of existi § 100 « If the counting is carried out over an interval between t, and t,, the number of
ide variety of existing : counts, C. .
algorithms: g C=¢e J Ape M- dt+ B
o [
g |
« MAXED § 10°
2 1o 4 \NC - B) from A_ the neutron flux
[ ] ] — Best guess (MCNP calculated spectrum) - e — — -
GRAVEL 5 10%H — Input - Reduced flux best guess AI e(l - {;—M”}[,M'"(#.- M| — @ lh} can be dEtermlnEd
z 103|| — Unfolded spectrum (GRAVEL) =
— Unfolded spectrum (MAXED)
L L L L L
g 2 2 2 8 2 g = =2 =7
Energy (MeV)

https://scientific-publications. ukaea.uk/wp-content/uploads/FED-2020-PUBLICATION.PDF
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Time resolved neutron yield monitor

Authority
KN1 Fission Chambers
s

» Incoming neutrons must be thermalised, in this case using }‘} AN

polythene and lead % ¢\
« Thermal neutrons interact with a thin layer of highly enriched é Z\ "y counteR

uranium (HEU) producing fission fragments with high kinetic | U é ;‘\ AR S

energy and causing ionizing radiation. \Z g
* The uranium layer must be thin enough for the fission fragments \é é |

77

to escape and enter the filling gas between the electrodes.

/ j——AL. ALLOY CASING
- Avoltage is applied between the anode and the cathode, and the /\/\/\/\/«&

produced electric current is proportional to the neutron flux. F ]

800Z/20/LL

« Three U-235/U-238 pairs of fission chambers located around JET to monitor the time evolution
of the neutron emission rate
* Neutron yields can be measured ranging from 1019 to 1020 n/s

» Fission chambers are insensitive to neutron energy
* |Intensive Monte Carlo codes need to be run to determine the fraction of scattered/direct

neutrons in order to apply a correction coefficient to the measurements.

,,v 4 (|}
FC-D3 -'

Fission Chamber = FC
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Calibrating the fission chambers

Authority

o S saves— e ;
..".." ™ \?\\\ e 3 “ _ o \ \ IR AR .. |4

i o\l 3 s T 1713 The KNL1 fission chambers are located ex-vessel -
' this means neutrons born in the plasma have
scattered on a variety of materials prior to detection.

Electronics

MASCOT arm MASCOT

: To calibrate the diagnostics and verify the Monte
75§ Carlo simulations DT neutron generators were

Vvt deployed using MASCOT.
i §§i§'§?ﬁg The neutron generators were characterised prior to deployment at the
National Physical Laboratory (NPL, Teddington) and was modified to
Tether include a “horseshoe” of activation foils, diamond detectors and silicon

Positioning
Lasers

detectors to verify the output of the neutron source and the angular
distribution of the neutrons emitted.
fabs Once the output was well known the generator was deployed in JET and
Tharium the fission chambers could be calibrated from this well characterised

Tritium

it output.

Neutron W
Generator :
Tube

Remotely
Detachable

‘Horseshoe' Diamond and N
Foil Holder Silicon Detectors

https://www.sciencedirect.com/science/article/pii/ S09203796 18300978
24 | STFC Nuclear Physics Summer School 2024 — Neutron Spectroscopy https://race.ukaea.uk/programmes/jet/
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Diamond detectors

DTEZ2 saw an enhancement of the nuclear diagnostics used on
JET, including the use of single crystal diamond-based
detectors along collimated lines of sight to measure 14 MeV
neutron yield.

The best production technique is the chemical vapor
deposition (CVD) which can grow electronic grade single
crystal diamonds detectors, suitable for radiation detection
purposes.

Electron—hole pairs are generated by the charged particles
produced via neutron-induced nuclear reactions with the
carbon and the charge associated is proportional to the
energy of the neutron, the key reactions are:

° 12C(n’n')12C EEH.':DI, .
* 12C(n,n")3a 5mn|, y
12 4000 |
« 12C(n,q) 5 4090
g 3000 L elashic
E ! scattenmng
2000 L |
n-3a
1000 | |
o : .
0 2 4 8 8 10

Edep [MeV)
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https://iopscience.iop.org/article/10.1088/1741-4326/ad0a49
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Day 2:
- Future machines
- Challenges of neutron spec in power plants
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Fusion energy research over time

Authority

Ava'anch.e Energy Deut.elio ?
e Srecensioe g 10[D-TTokamaks Burning
Horne C Fusi st s I R ku.F s 3 0 JET 1997 Plasma
Technologies First A g 5 & TFTR 1994/5 Condiions
TAE . Light CTFusion HelicitySpace Xcimer - -
Tachnologies LPPFusion,Inc. NK Labs, LLC Fision Inc. comazuf;on Energy Inc. a + Stellarator (LHD) JT-60U
Eéectrk Fufion 5‘ 1 % IFEnovacexkoomeca : { 16MW
YRR e = =1l ® Z Pinch sanaw
Rannissur:ca Fusion - - R <] .xh* v'.:'— 10MW Performance
E '.* =] * TFIR E xtension
1992 2002 2006 2009 2013 2017 | 2019 | 2021 . ¥ ..
) ) L + .
\Y, 9 9, q- 0.1 *x A A DII-D
1998 2003 2008 2011 2015 2018 | 2020 | 2022 - ¢ .
e A R,
- X Proof of
8 ‘ ’ < LHD . Panciple
_ , : _ & go1l ASDEX4 ) 1980 X
Princeton General ENN Magneto-Inertial Helion HB11 Energy  Crossfield EX-Fusion c - MAST
Fusion Systems Fusion Fusion Technology Inc. Energy = Fusion Ltd 7 O . \ ’ 4
(MIFTI) Hype'rJet s Focused by L )
. Fusion Marvel Fusion  Energy - “30W ¥
Tokamak Corporation . o w . -
Energy Zo N.T..Teo I'Fiah.cal . Concant
ap usion NCep
£ Energy E:eyr’;.;gr:up Nec:smr 0.001_ A Exploration
20 - z Fusion Inc.
s I3 ¢ ¥ START 1997
1968 v
2 - ! |
15 1 10 100 1000

Central lon Temperature T; (million°C)

Fusion energy is entering the technology delivery phase
Tokamaks are the most developed technology at present

https://www.fusionindustryassociation.org/fia-launches-2024-qglobal-fusion-industry-report/
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ITER - Latin for “the way” e

Authority

Conventional tokamak, like JET, using neutral beam injectors (NBIs)
and radio-frequency waves to heat the plasma to 150 million °C. The
vacuum vessel (plasma volume) will be 10x bigger than in JET.

* Magnets — 10,000 tonnes of superconducting magnets
generating a field 200,000 times that of the Earth’s magnetic field
will confine and shape the plasma

» Blanket — tiles weighing up to 4 tonnes will protect the vacuum
vessel and magnets from heat and neutrons

One of ITER’s primary goals is to prove that fusion reactions can
produce significantly more energy than the energy supplied to
initiate the reaction process — resulting in an overall gain in power.

ITER’s 35 participating nations represent more than half of the
world’s population
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ITER’s Blankets
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There is a limited supply of tritium, currently produced as a low-abundance
biproduct in fission reactors (we get most of ours from CANDU reactors).
Tritium has a half-life of 12.33 years, and the rate at which tritium is
currently produced is not sustainable for fusion power plants.

It must therefore be made in-vessel, a mechanism yet to be demonstrated
fully.

°Li+n —> T+ “He
Li+n > T+4He +n’

ITER will have 440 blanket modules,
those containing lithium are referred
to as breeder blankets. ITER will test
four breeder blanket concepts in
dedicated ports in later phases of
operation.

The successful development of tritium breeding is essential for
the future of fusion energy.
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DEMO - the demonstration power plant

DEMO must demonstrate the necessary
technologies not only for controlling a more
powerful plasma than has previously existed, but
for safely generating electricity consistently, and for
regular, rapid, and reliable maintenance of the
plant, as well as commercial viability.
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The ITER Members all have a different notion of what their
DEMO could be.

A central requirement for the European DEMO is to produce 300-
500 MW of net electricity to the grid (approx. 3-4 times less than
an average nuclear fission reactor).

Europe's DEMO would be a "demonstration power plant” to be
followed by the first-of-a-kind fusion power plant.

While still in design it is expected to be larger than ITER

European DEMO targets fusion power on the grid by 2050
Indian DEMO targeting construction in 2037

South Korea targets electricity generation in 2050

USA targets construction of DEMO after 2050

https://www.iter.org/newsline/-/3009
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Conventional Tokamak Dimensions

Authority

« The confinement time of a tokamak plasma scales with
plasma size and so it is generally expected that the fusion 10 p—T—Trrrem
triple product, nTTE, will also increase with size

» This has been part of the motivation for building devices of
increasing size including ITER and EU DEMO.

Spherical tokamaks, like MAST-U

« Have a squashed, compact shape — like a cored apple 0 01k
rather than a ring doughnut - 4.5

» More efficient, more stable, fewer disruptions, improved
confinement. .

- Early concepts were dismissed as a contender for fusion 0.01¢ A ASD 0 CMO OMASTH]
power plants because the lack of space in the centre of the START, §7 . PoX ey
machine made it difficult to generate the high magnetic ot oMl i L
fields required for fusion while also protecting the centre 0001 b e e EEK TR e
column from neutron bombardment. 0.001 0.01 0.1 1 10

« Developments in superconductors and high-temperature 1e(IPB(y,2)) ()

superconductors have started to change the game.
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STEP

:“-"-'_,""‘GairiEborough >

West Burton, North Nottinghamshire
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Building a prototype fusion power plant with the aim to
demonstrate net energy from fusion targeting 2040.

This will support the potential development of a fleet of future
fusion powerplants around the world and seeks to ensure that the
UK remains at the forefront of a new technology and emerging
industry.

Goals:
« Demonstrate the ability to put net electricity on the grid.
« Demonstrate how the powerplant can be maintained through
its operational life and produce its own fuel.
* Develop UK industry and manufacturing capabilities in
preparation for powerplant roll out.

https://step.ukacaukl ST E pq;
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Temperatures ranging from 100-450 degrees (at diagnostics locations -
tritium breeding module environments particularly challenging).

Magnetic fields ranging from 1-10 Tesla

Neutron flux 1012-1016 n/cm?2/s

Also, gamma radiation, vibrations, dust, etc.

Ethos:
 Move diagnostics further away — while minimising lines of sight
« Shield — while minimising perturbation of the field
 Redesign — takes time and requires qualification
* Use as little as possible — diagnostics on power plants will be
minimal, aiming at control (not science)
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Environment gets more intense
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Greater distance from
sowce: less radiahion
received.

Challenge:
We don’t know the exact environments or
requirements for future machines but may be

required to provide solutions quickly to inform
design/planning.
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Radiation transport (neutronics) methods
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There are two broad types of methodology used for simulations:

 Deterministic - solves the Boltzmann transport equation for a flux solution
either through angular (discrete ordinates/Legendre polynomials), energy
(multi-group) or space-time simplification
Pro: Can solve for a whole reactor (as done by industry)

Con: Discretization introduces errors: cross sections, scattering
direction, space over curved bodies

‘Gives an exact solution using an approximate representation of the physics
of the problem’

_,-
Ez E5

g

OomEEoO@0O

« Monte-Carlo (probabilistic) - uses continuous physics and faithful geometry
to follow individual particles one-by-one until enough done to converge

Pro: As good of a solution as possible with physics knowledge

Con: Potentially huge computational requirement and only local
information (where particles are statistically tallied)

‘Gives an approximate solution using a more exact representation of the
physics of the problem’
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The area |l work in:
Neutronics and nuclear data

Monte Carlo
radiation transport

CAD model

Nuclear Analysis

J \ ITER radiation field mapping
" e L =
e
- /_
= = = Medical nuclear applications
L | 2 Advanced fission core modelling
| A [ L
\ \
|
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Nuclear responses:

Particle flux

Dose rates

Nuclear heating
Tritium production
Material damage
Gas production
Material activation
Radiological waste
Detector responses



The Monte Carilo method

Follow individual particles
and track them until their
‘death’ through e.g.
absorption or by escaping
the boundaries of the
problem

Repeat the process many
times and predict the
average behaviour of
particles in a system

absotption

scattering
collision

Q\I'I'IEE'DI"I

|

collision
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Uﬁlz Atomic
Energy
Authority

The strength of this
method is in its capability
to calculate statistical
estimates for integral
reaction rates without
explicitly solving for the
flux distribution.

Frequency and outcome of
iInteractions determined by
random sampling and
simulated according to
Interaction laws from
particle and nuclear
physics



Modelling with Uncertainty

Due to the complexity of fusion devices, there are multiple
competing requirements:

« Cost

» Shielding

» Breeder material

» Cooling capability

» Energy extraction

» Diagnostics

« Maintenance

To make informed decisions on these requirements it is important
to understand the underlying uncertainties (e.g., component
lifetimes or tritium breeding, and safety factors).

There are many sources of uncertainty in nuclear analysis
workflows:

« covariances in nuclear data;

« statistical uncertainty from transport calculations;

« geometric approximations and the design maturity;

« material definitions, particularly for novel materials.
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Boron carbide (B4C)
validated by ITER as
a shielding material
for diagnostics.

1

UK Atomic
Energy
Authority
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Resilient diagnostics

Energy
Radiation, temperature, magnetic field

Authority

1. Making better use of diagnostic systems that are inherently radiation hard
« Activation foils — encapsulation and machine learning
« Coolant systems — intentional dopants
« Diamond detectors
* Hollow core fibres

ITER will be equipped
with a cooling water
system to manage
the heat generated
during operation.

2. Shielding diagnostics to make them radiation hard
« Can perturb the results
» Adds to cost and reduces space
« Makes maintenance potentially more challenging
* Requires re-qualification

3. R&D to make diagnostics radiation hard
* Understanding failure modes
* Require appropriate testing environments
« Takes time
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Fluid Activation and ACPs
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« Movement of fluids around coolant/tritium breeding circuits are
an important consideration in fusion reactors

« Can take activated fluids outside of the biological shielding posing
risk to personnel

« Can cause issues with the positioning of safety important sensitive
equipment

» Can affect the overall activity/decay heat of material inside the
reactor

Time From Inlet (s)

* When passing through radiation areas the fluids will become activated,
and in non-radiation areas the activation products will decay.

» Predicting the dose rate from activated fluids is complicated, you must
consider:

 Fluid dynamics — how the fluid moves through the network of pipes,
and this depends on the type of fluid, the geometry of the pipes,
the temperature/density which could vary depending on location in
the system.

» ACPs — activated corrosion products. Corrosion products will enter
the system and could become activated in radiation areas, these
not only add to the dose of the fluid but can deposit and
accumulate within the pipe network.

PEPT imaging
techniques can be
used for validation

5@ UNIVERSITYOF
P BIRMINGHAM
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Machine Learnin -
Energy

Authority

Compton suppression typically requires a hardware solution, for example veto
detectors.

Machine learning offers a digital technique to effectively reduce the Compton
background using the raw signals and training the algorithm on real vs
Compton events. This enhances data collected for any detector and removes
the cost of purchasing equipment.

Response functions When trying to unfold neutron energy spectra (typically 175 or 709 energy
calculations for eath reaction | | bins) the problem is hugely under-determined.

Plasma Instead:
parameters? Is there a relationship between the energy of the
neutrons produced and the plasma parameters
(temperature, density, etc)?

N

A priori information Unfolding
An initial ‘guess’ neutron flux = | ith
spectrum algorithm

1
1
1
1
1
1
Target measurements H
1
1
1
1
1

and uncertainty
The calculated reaction rates —

L]
= derived from the experimental Shefﬁeld
|m gamma spec measurements S ] -4
measurement uncertainty
University

40 | STFC Nuclear Physics Summer School 2024 — Neutron Spectroscopy https://link.springer.com/article/10.1007/s10894-024-00408-9



https://link.springer.com/article/10.1007/s10894-024-00408-9

Understanding failure modes

Simple fixes:
» Using temperature resistant materials
« Making components easy to replace
* Applying correction factors to off-set the degradation

Complex fixes:

« Single Event Effects — explored in the latest JET campaign. It
has been shown neutrons randomly cause malfunctions or
failures in electronic devices.

» Single Event Upsets (SEUS): normally appear as transient
pulses in logic or support circuitry, or as bitflips in memory
cells or registers.

« Single Event Latchup (SEL): results in a high operating
current and must be cleared by a power reset.

 It's not always practical to just put the electronics further away
(weak signals will be lost), so we need to understand these
effects and mitigate them if we can.

* Results coming soon

UK Atomic

Energy
Authority

https://www.gov.uk/government/news/jet-experiments-to-test-electronics-in-
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https://www.gov.uk/government/news/jet-experiments-to-test-electronics-in-fusion-environments
https://www.gov.uk/government/news/jet-experiments-to-test-electronics-in-fusion-environments

Optical fibres

Optical fibres are a great way to transmit information — potentially
allowing us to place electronics further from the harsh
environment of the machine.

However, traditional solid fibres suffer from an effect known as
darkening, a loss of the propagating optical signal leading to
decreased power at the output end. This can be influenced by:
* Radiation
» Glass composition
Operating wavelength
Dose rate and total accumulated dose
Temperature
Power propagating through the core

Alternative: Hollow core fibres?
« Demonstrated with promising tolerance to gamma and some
neutron fields
» Requires more research to explore applications for fusion in
neutron diagnostics, also magnetic field sensors and tritium
detectors.

STFC Nuclear Physics Summer School 2024 — Neutron Spectroscopy

Untapped area: Quantum sensors

Capable of extracting information
from a single photon, making these
darkening effects less problematic.

CERN

University of
@Southampton

Uﬁlz Atomic
Energy
Authority




Where to qualify?

Energy
Authority

For R&D of novel diagnostics and for demonstrating the effectiveness
of shielding for existing diagnostics qualification is required.

Neutron Irradiation
Laboratory for
Electronics (NILE)

The level of qualification is dependent on the application i.e. safety
systems will require a higher confidence level.

DD and DT neutron
generator

MC40 Cyclotron

Can produce deuterons up
to 20 MeV. Targets can be
used to get neutrons of
desired energy ranges.

Van de Graaff accelerator

Produces neutrons between
8-17 MeV

B High Flux Accelerator-
ASP Facility

Driven Neutron Facility
(HF-ADNeF)
14 MeV DT
neutrons,  ESSEEEEIER, 7 VSR S Protons onto a lithium
101 n/s

target. ~1 MeV
neutrons, 1013 n/s
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Future Facilities

IFMIF-DONES
International Fusion Materials Irradiation
Facility DEMO Oriented Neutron Source

THEKEY [
—\ TO
Sones\ | THE FUTURE

* For testing materials in fusion relevant
irradiation conditions.

* Currently in design, planned construction in
Granada, Spain.

* Flux in the high flux test module ~10%4 n/cm?/s
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LIBRTI
Lithium Breeding Tritium Innovation

Jab Li flow
Li flow r : ////""Borated steel fille
P e codlant Breeder blankets are
valer S Steol filer complex components that
R iil7 = - are critical to the success
;;wf——Blanket/Reflector Of fUSIOﬂ
\ ) 7 Many concepts exist, with
N o not many placels to qualify
3 at the engineering scale.
; T2 o Gap
1 em Gap—' 7 TS om Gap

* 14 MeV neutrons

« Capacity for large mock-ups to experimentally test
key gquestions that remain about the tritium fuel
cycle.

 Also provides an environment to qualify diagnostics.
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Passive Neutron Spectrometer

Authority
—_—

Thermo-luminescence detectors
(TLDs) along an optimised number
of axes embedded in high-density
polyethylene (HDPE).

Dose is induced in the TLDs by
incident neutrons, higher energy
neutrons will be more penetrating.

The dose can be measured by
removing the TLDs and heating
them to measure the light emitted.

Bonner Spheres:

Neutrons slowed down by
moderator shells of different
thickness, with a detector in the
centre of the shell.

Each sphere must be placed in
the same location in turn.

Minimum measurable sensitivity of
1 — 10 uGy. The intention is to
deploy systems like this to low dose
environments for commissioning
and radiation protection.

https://www.ptb.de/cms/en/ptb/fachabteilungen/abt
6/fb-64/643-neutron-spectrometry/nemus.html Future work to explore an active

system.
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Useful reading "

U_E Atomic
Energy
Authority

J. Lilley ‘Nuclear physics: principles and applications’ (Wiley)
* Chen ‘Introduction to Plasma Physics and Controlled Fusion’ (Springer)

* G. McCracken, P. Stott ‘Fusion — the energy of the universe’ (Elsevier)

 A. Harms, K.F. Schoepf ‘Principles of fusion energy’ (World Scientific)

« J. Wesson, ‘Tokamaks’ (Oxford Science)

« S. Glasstone and R Lovberg, ‘Controlled thermonuclear reactions’, (Van Nortrand, New York 1960)
« Boyd and Sanderson ‘“The Physics of Plasmas’ (Cambridge 2003)

« Goldstone and Rutherford — ‘Introduction to Plasma Physics’ (IOP 1995)

Useful websites: :
Useful journals:

https://ccfe.ukaea.uk

Nuclear Fusion, 0P
https://www.euro-fusion.org

https://www.pppl.gov
http://www.iter.org

http://fusionforenergy.europa.eu

Fusion Engineering and Design, Elsevier
+several others
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