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JET plasma



Q=10.7/39.5=0.27

Q=16/22=0.7

Next stepsQ = 10 (ITER)
Q = 30-50 (DEMO, reattore)

Fusion power
Q = Pfus /Paux

Progress in fusion
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ITER project

Massa: 23.350 ton

5/11 Country hosting 
ITER (EU)
1/11 each of 6 partner
Cost for EU for the 
construction~ 7B €
(2010)

80% to national 
industries
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ITER project
Uno dei progetti più grandi 
della storia moderna
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Neutron emission in fusion reactions

The energy distribution of fast ions needs to be known for reliable operation of a 

thermonuclear fusion reactor

•α particles play a key role in the self sustainment of a 

fusion reactor

•fast ion acceleration (NBI or RF)  needs to be 

assessed in in specific  heating schemes to quantify 

efficiency of auxiliary heating (H, D, T, 3He, 4He 

accelerated ions)

•fast ions can drive MHD modes that may lead to their 

redistribution and losses

D + T → α +n +17.6 MeV



Neutron emission from thermonuclear plasmas

Neutron production
Neutrons are produced by fusion reactions

d +d � n + 3He
d + t � n + α

In a cold plasma (Ereactants ≈ 0)
En = 2.45 MeV for DD reaction
En = 14.0 MeV for DT reaction

Neutron energy spectrum
The neutron energy depends on the energy of the reactants
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Neutron emission spectroscopy (NES)
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In a plasma in thermal equilibrium, the particles are distributed according to a
Maxwellian distribution Neutron spectrum is well approximated as a Gaussian
centered at 2.45 MeV (or 14.0 MeV) and with FWHM (W)

82.5W T= ⋅

177W T= ⋅

for DD emission

for DT emission

Need for dedicated spectrometers.
Energy resolution (∆En/En<5%)
Time resolution (count rate capability, >100 kHZ)

Ion Temperature T i

Fast fuel ions can be well diagnosed with
NES due the enhanced reactivity

















Neutron Detectors











Slow and fast 
neutron detection
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Neutron flux measurements





































Liquid scintillator



JET neutron/gamma camera

•Two cameras
•Vertical: 9 lines-of-sight
•Horizontal: 10 lines-of-sight       
•upgrade for DT 
•Fan-shaped array of remotely adjustable 
collimators with two apertures (Ø10 and 21mm)
•Space resolution: (8-15)cm (in the center)
•Detectors
•NE213 liquid scintillators (2.5 & 14 MeV)
•Bicron-418 plastic scintillators (14 MeV)
•CsI(Tl) photo-diodes (hard X-rays and γ-rays)

Operation in high neutron fluxes



Neutron camera @ JET 

Luca Giacomelli | ICFDT 2016 | 30/03/2016 | Page 17

Neutron emissivity spatial reconstruction



Luca Giacomelli | ICFDT 2016 | 30/03/2016 | Page 18

Neutron camera @ JET 

J. Bielecki
Rev. Sci. Instrum. 86 (2015







Measurements of neutron spectrum
Neutron emission spectroscopy measurements on fusio n plasmas

-Recoil protons from elastic scattering (n,p) can be measured. The energy
of a recoil proton is given by:
Requires measurement of both the energy and angle of the recoil protons

-Compact spectrometers (scintillator) measure only the recoil energy →
Need of advanced unfolding codes to reconstruct the incoming neutron energy
spectrum from the measured recoil spectrum

-Thin film recoil spectrometers (MPR), only recoil protons scattered in a
small angle interval are measured. simple response function, very high high
count rate capability (DT operations), low efficiency

-Time of Flight (TOFOR) : measure the neutron energy from the time
difference between the neutron elastic scattering in start and stop
detectors. simple response function, optimized for 2.5 MeV neutrons

-Diamond spectrometers: combine in a compact spectrometer h igh energy
resolution, high rate operation



53

MPR for 14 MeV neutrons
MPRu also for 2.5 MeV neutrons

TOFOR for 2.5 MeV neutrons

M. Gatu Johnson, NIM A591 (2008)417

A. Sundén, at al, NIM A610 (2009)682

Magnetic proton recoil

Time of flight optimized rate

G. Ericsson, at al, RSI (2006);

NES spectrometers installed at JET in 1997-2012

Recent development later!





















NES results on JET plasmas
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Ohmic and ICRH at 2ωCD

Ti=2.3keV

Ti=4.7keV
THE=200 keV

Spectral components inferred from fit

M.Tardocchi, PhD thesis,Uppsala (2000)

Measure high energy  tail temperature of fast D

NES results on DT plasmas

Model describes deuterium velocity distribution with an anisotropic “cut” Maxwellian
-thermal component for the main bulk ions.
-Tail temperature THE and pitch angle distributed as a Gaussian centred at
90°±10° M. Tardocchi et al, Nuclear Fusion 42 (2002) 1273.

#42759





NES results on  ICRH D plasmas

C. Hellesen et al, Nucl. Fusion letter (2010)022001

RF heating tuned to 3rd harmonic D resonance
Adding 3 MW RF to 3 MW NBI increased neutron
rates by 14 times! RNT=5∙1014�7∙1015 n/s

Among the highest neutron yield/MW heating ever
produced at JET (without tritium)



Deriving D distribution in 3rd harmonic 
ICRH plasmas

Use high energy neutrons to probe
high energy ions

Highest energy of neutron spectrum given by
reactant energy
Integration of  TOFOR spectrum below a fixed tTOF is
equivalent to select D ions above a cerain  ED

Two of such probes:
tTOF < 55 ns, Ed > 0.5 MeV
tTOF < 48 ns, Ed > 1.3 MeV

Similar to threshold reactions in gamma ray
spectroscopy (but with thresholds  can be set
arbitrarily)

Ed > 100 keV

Ed > 100 keV



• Iteratively fit the weights of
monoenergetic δ(E)-spectra to match
the TOFOR data
– Ion distribution can be derived from 

measured data
• Demonstrate on synthetic data 

(TOFOR response function)
– Use predefined fast-ion distribution, 

two maxwellians
– Fold neutron spectrum with 

response function and add Poisson 
errors

– Thermal component treated as 
Gaussian centred at 2.5 MeV

– HE component fitted to the high 
energy tail

Predefined ion distribution

Thermal

Deriving the fast ion distribution



Deriving the fast ion distribution

Predefined ion distribution

Thermal

High energy

C. Hellesen et al, Nucl. Fusion letter (2010)022001



Predefined ion distribution

Thermal

High energy

Deriving the fast ion distribution



Predefined ion distribution

Thermal

High energy

Deriving the fast ion distribution



Predefined ion distribution

Thermal

High energy

Deriving the fast ion distribution



Predefined ion distribution

Thermal

High energy

Deriving the fast ion distribution



Predefined ion distribution

Thermal

High energy

Deriving the fast ion distribution



NES time resolved results
Integrating TOFOR data below a certain tTOF
gives a probe of neutrons above a certain
energy
tTOF < 55 ns → Ed > 0.5 MeV
tTOF < 48 ns → Ed > 1.3 MeV

Good statistics → high time resolution,
down to 25 ms

• After the start of RF (t=12 s) both 0.5 and
1.3 MeV signals rise.
At t=16.5 s TAE activity begins and 0.5
MeV continue to rise while 1.3 MeV starts
decaying

n=4,3,2 TAEs resonate with
Ed=1.1, 1.4 and 2.1 MeV

Apossible explanation is redistribution of
fast ions which interact with TAE
resonances. C. Hellesen et al, Nucl. Fusion 50 (2010)084006



• Good energy resolution in DT plasmas at En > 6 
MeV via 12C(n,α)9Be reaction.

• JET Vertical Neutron Spectrometer (VNS) project
• Application in the ITER RNC
• Detector array built within CNR
• Fully digital fast DAQ – allows for count rate 

>1MHz

A compact neutron spectrometer based on 
single crystal diamonds for DT plasmas at JET

Picture of a SDD 
prototype

5 cm



• Radiation hardness.

• High mobility of free charges (�fast response, 

comparable to Si, Ge).

• Room temperature operation (Eg=5.5 eV)� No 

Cooling.

• Compact volume solid state detector.

A charged particle passes through the 

diamond and ionizes it, generating 

electron–hole pairs (Ee-h=13 eV)

Diamond

Diamond-like Carbon

Diamond-like Carbon

Gold or Aluminium

Gold or Aluminium

+

-

+ -+
--

+
-

+
-
++-

Single Crystals Diamond spectrometers

� Fast neutron detection

• 12C(n,a)9Be (Qvalue=5.7 MeV, Ethr=6.17
MeV) good for 14 MeV neutron 
spectroscopy.

• 12C(n,n’)3a (Qvalue= 7.23 MeV, Ethr=7 MeV)

•12C(n, D)11B (Qvalue= 13.7 MeV, Ethr=13.8 
MeV)

•12C(n, n’)12C* is the only possible for 2.5 
MeV neutrons.
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Detector response at monoenergetic 
neutron energies in the range 2-20 MeV



Detector response at different 
neutron energies

3.3 MeV D

T Target

90 deg

n

FWHM=220 keV

Thick target (run43)



Detector response at different 
neutron energies

3.3 MeV D

T Target

60 deg

n

FWHM 296 keV
(3cm)



Detector response at different 
neutron energies

3.3 MeV D

T Target

45 deg

n Energy resolution
Thick target (run41)



Detector response at different 
neutron energies

3.3 MeV D

T Target

30 deg

n

FWHM 361 
keV



Detector response at different 
neutron energies

3.3 MeV D

T Target 0 deg

n 20 MeV neutrons
FWHM 180 keV

FIG. 2. (Color online). Detail of FIG. 1: Fit (red line) of 
the 12C(n,a)9Be peak with a FWHM = 174 keV as a 
result of the convolution of a Gaussian (blue line) , 
which mimic the SD response function, with the 
TARGET neutrons of En = 20 MeV.



Detector response at different neutron energies
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Pulse height spectra of a Single-crystal
Diamond Detector irradiated at the INFN-
LNL facility (top) and at the Pecking
University (bottom). Neutron energies are
reported in the legend.
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Fits on the whole experimental data set. 



Measured pulse height energy resolution 1-5 MeV

Energy resolution measured. Values are related to the FWHM of the 
Gaussian used to convolve the response function.

“Response function of single crystal synthetic diamond detectors to 1-4 MeV neutrons for spectroscopy 
of D plasmas”,  M. Rebai et al, submitted to Rev. Sci. Instr. (2016)



SDD ready for mounting with preamp

MPRu beam dump

SDD prototype installed behind KM9  

SDD setup in the MPR after-burner

Diamond spectrometer prototype installed at JET



C. Cazzaniga, M. Nocente et al., Rev. Sci. Instrum. 85 (2014) 11E101

Deposited energy spectrum of mono-energetic 14 MeV neutrons in lin (a) and log (b)scale measured at
the Frascati Neutron Generator.

Diamond spectrometer signals

FWHM=200 keV

Pulse of a 14 MeV neutron events
digitized by a 10 bit/1GS digitizer.

∆T~10ns
Optimization between fast shape
preamplification and high resolution
pulse height spectroscopy

Energy resolution=120-140 keV
(∆Ε/Ε=0.9−1.0 %)



Calibration with 241Am alpha source

Calibration with final setup → digital acquisition in the Diagnostic Hall after 
about 120 meters cables.

Energy resolution is 2.2% at 5.2 MeV
→ Obtained with system that allows for MHz count rate



Pulse Height Spectrum from D plasma

• 45 shots added (12-14 july 2013)

Broadening is due to (1) Detector resolution (2) Pl asma

Edmax =E0
4A

(1 +A)2
= 0 .69 MeV



2.5 MeV neutron NBI measurement vs simulations 

Cazzaniga et al. Rev. Sci. Instrum. 85, 043506 (2014)

Highly non Gaussian spectrum 
reflecting a highly non-
Maxwellian fast ion distribution

The same 1D model of TOFOR 
based on 3rd harmonic RF 
acceleration theory provides a 
relatively good description of the 
data.



Matrix diamond spectrometer
12 Pixels equipped with 12 
standard SMA connectors.

The Single Cristal CVD Diamond is 
produced by the Element Six Ltd

Thickness: 0.5 mm
Area: 4.5x4.5 mm2

The samples are glued with a Silver 
Paste onto a PCB board (Al2O3, 
99.6%).

Detector produced by CNR
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Matrix diamond neutron spectrometer for  JET DT pla smas
VNS project (2012-today)

Collaboration with CNR-ISM, 
UNIMIB, ENEA, UPPSALA, JET

12 indipendent pixel, Detector 
produced by CNR

Single pixel dimension: 4.5x4.5x0.5 
mm3

Simultaneous measurement of
high energy resolution (<1%@14
MeV) and high count rate
capability (>1MHz) in a compact
device

Energy resolution at 14 MeV

1.3%+0.1

2.5 MeV neutron spectrum (with NBI) 
measured at JET compared to 
monoenergetic neutron repsonse



19/01/16

Example of 14 MeV neutron spectroscopy at  very hig h 
energy resolution

FWHM = 150 keV

Spectra are 
broadened in the 
range of 150-300 keV

Need for high 
resolution 
measurements and 
high precision 
calibration

n +12C� α + 9Be -5.7 MeV

Elastic edge



Measurements at NPL- london

CNR diamond
(90degree)

19/01/16
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Neutron spectroscopy of 14 MeV neutron generator 

with very high energy resolution

Spectra are broadened in 
the range of 150-300 keV
(depending on the angle)

Need for high resolution 
measurements and high 
precision calibration

n +12C� α + 9Be -5.7 MeV
Elastic edge
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Do we really need all the five free 
parameters to decribe the data?
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DT components provide main contribution 

1 param
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Tail due to a small fraction of T



Do we really need all the five free parameters to d ecribe the data?
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4 param 5 param

By adding D2 and T2  one get 
a good fit

By adding D negligible 
improvement is obtained



Conclusions

Neutron measurements on fusion plama have been presented

Dedicated instruments (mainly spectrometers) have been
developed to match the requirements of energy resolutions,
efficiency and count rate capability of burning plasmas

The step being done now is to develop compact spectrometers to
be used into neutron camera

If you are interested, write me!
tardocchi@ifp.cnr.it
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