o AL

"' .
WIS seviLLe 2

Real
Sociedad
X1 Espanola de
Fisica

3 on PR e e - . s - T T et T o - e
s e . - =7 5 = Pl ~> S A TS P S s 2P
> = & < X e A A A -~

ADVANCED CHARACTERIZATION OF
RADIATION SENSORS AT HIGH
TEMPERATURES USING THE CNA TANDEM
ACCELERATOR

Mauricio Rodriguez-Ramos, Javier Garcia-Lopez, M. Carmen Jiménez-Ramos,
Adrian Garcia-Osuna, Manuel Garcia-Mufoz, Giulio Pellegrini, Carmen Torres
Muinoz

Centro Nacional de Aceleradores. Universidad de Sevilla



RADIATION SENSORS FOR FAST IONS IN NUCLEAR FUSION

In burning plasmas losses of energetic particles can damage the device’s integrity and degrade the

performance of the plasma.
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RADIATION SENSORS FOR FAST IONS IN NUCLEAR FUSION

In burning plasmas losses of energetic particles can damage the device’s integrity and degrade the
performance of the plasma.

Diagnostic for fast ions - > Detectors based on scintillator materials.
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RADIATION SENSORS FOR FAST IONS IN NUCLEAR FUSION

In burning plasmas losses of energetic particles can damage the device’s integrity and degrade the
performance of the plasma.

Diagnostic for fast ions - > Detectors based on scintillator materials.
B B RO l\ | Fast-lon Loss Detector

Particles enter trough the slit into
chamber activating scintillator
material SrGa,S,:Eu?* (TG-Green)
with short decay time (490 ns) and

high efficiency. (M. Garcia-Mufioz et al,
Rev. Sci. Instrum. 80, 053503 (2009))
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RADIATION SENSORS FOR FAST IONS IN NUCLEAR FUSION

In burning plasmas losses of energetic particles can damage the device’s integrity and degrade the

performance of the plasma.

Diagnostic for fast ions - > Detectors based on scintillator materials.
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Particles enter trough the slit into
chamber activating scintillator
material SrGa,S,:Eu?* (TG-Green)
with short decay time (490 ns) and
high efficiency. (M. Garcia-Mufioz et al,

Rev. Sci. Instrum. 80, 053503 (2009))

Fast lon Orbit

The strike points of the ions on the scintillator plate depend on their
gyroradius and pitch-angle (~ magnetic spectrometer) - > Local
velocity-space ->Help to isolate fundamental mechanisms.

Full characterization of scintillators materials using different ion
species, MeV energies, fluences and applied temperatures.
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 All stable ions available: H - Au

ABSOLUTE YIELD MEASUREMENTS MADE POSSIBLE BY CNA INFRASTRUCTURE

B [: » Energy range: 600 keV - few MeV
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ABSOLUTE YIELD MEASUREMENTS MADE POSSIBLE BY CNA INFRASTRUCTURE

All stable ions available: H - Au

Energy range: 600 keV - few MeV

Beam currents: pA - pA

« Continuous and pulsed beams

To
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' I I : 7 Scintillator
- Photon rate: Optical fiber for light collection connectedtoa &, (T
calibrated spectrometer. Collneil)  gas ™

MeV ion beam

Target
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 lon rate: Digital current integrator to monitor incoming Vacuum
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particle flux.
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supressor integrator
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ABSOLUTE ION LOSS FLUX OBTAINED FOR THE FIRST TIME IN AUG PLASMAS

Tegkeel - Photon rate: Optical fiber for light collection connected to a

calibrated spectrometer.

« lon rate: Digital current integrator to monitor incoming
particle flux.
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Jiménez-Ramos et al, NIMB. 332, 216-219 (2014)). g 2 -
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CAN DETECTORS SURVIVE THE HEAT IN FUSION DEVICES?

« Larger plasma volumes in next-gen fusion devices will increase heat loads, forcing
detectors to operate at higher temperatures.
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CAN DETECTORS SURVIVE THE HEAT IN FUSION DEVICES?

« Larger plasma volumes in next-gen fusion devices will increase heat loads, forcing
detectors to operate at higher temperatures.

 The probe head's surface heat load was estimated using ANSYS under the most
conservative initial conditions of the inductive scenario.
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CAN DETECTORS SURVIVE THE HEAT IN FUSION DEVICES?

« Larger plasma volumes in next-gen fusion devices will increase heat loads, forcing
detectors to operate at higher temperatures.

 The probe head's surface heat load was estimated using ANSYS under the most
conservative initial conditions of the inductive scenario.

Javier Hidalgo Salaverri | ITER Loss Alpha Monitor — CDR
thermomechanical assessment
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BEAMLINE TO MIMIC HARSH TEMPERATURE AND RADIATION ENVIRONMENTS

Dedicated IBA chamber with calibrated detectors and temperature control to study
scintillator response vs patrticle flux, type, energy, and temperature (RT-500 °C)
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BEAMLINE TO MIMIC HARSH TEMPERATURE AND RADIATION ENVIRONMENTS

Dedicated IBA chamber with calibrated detectors and temperature control to study
scintillator response vs particle flux, type, energy, and temperature (RT-500 °C)

Temperature
Analysis
Measurements
And

Radiation
Applications
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THE PHOTON EFFICIENCY DECREASES WITH OPERATION TEMPERATURE
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M. Rodriguez-Ramos et al. NIMB. 403, 7-12 (2017).
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THE PHOTON EFFICIENCY DECREASES WITH OPERATION TEMPERATURE
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THE PHOTON EFFICIENCY DECREASES WITH OPERATION TEMPERATURE
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THE PHOTON EFFICIENCY DECREASES WITH OPERATION TEMPERATURE
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THE PHOTON EFFICIENCY DECREASES WITH OPERATION TEMPERATURE
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Quenching of

material for
T > 400° C !l

Probably will not work in
future tokamaks like ITER

Alternatives for FILD operation at
high temperature:

> New scintillator materials
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M. Rodriguez-Ramos et al. NIMB. 403, 7-12 (2017).
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NEW TYPE OF 4H-SIC SENSOR FOR APPLICATIONS AT HIGH TEMPERATURES

 Limitations of conventional semiconductors (Si,Ge). Performance degrades
sharply under high temperatures and intense radiation fields.

 Path to novel detectors: Research must focus on materials with a higher atomic
displacement threshold and a wider bandgap.

Low Noise Radiation Hardness

Bandgap width [eV] Atomic displacement threshold energy [eV]
= Si1C
Excellent Timing
Performance
Electron saturation drift /" / [/ s« v N\, Average ionization
velocity at 300K[cv/s] '\ 4 energy [eV/e-h]

Breakdown electric field [MV/cm]  Thermal conductivity [W/K cm]
High Bias Voltage Room-Temperature Operation
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NEW TYPE OF 4H-SIC SENSOR FOR APPLICATIONS AT HIGH TEMPERATURES

Project RETOS-EMPRESA:

Cen-i;Naclond de Aceleradores "™455r Nfﬁ.\s”?,f;fﬂs” ' ®
T Centre Nacional de Microelectronica IMB . TECHNOLOGY RTC 2017 6369 3
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Low Noise Radiation Hardness - - i0,+Si.N +
Bandgap width [eV] Atomic displacement threshold energy [eV] Si0O,+Si0O, CVD S 02 S o T /iu Ti+Al Ti+Al+Ti+Nj
= 8iC
— Si
«
n type, 1.5x10™ cm?, 50 pm

SiC epitaxy 3000 pm

Excellent Timing
Performance

Electron saturation drift '
velocity at 300K[cm/s] '\
\

» Average ionization
energy [eV/e-h]

«< ‘ .‘ >
n" implant (N)

Breakdown electric field [MV/cm]  Thermal conductivity [W/K cm] Backside metal 4400 um
High Bias Voltage Room-Temperature Operation Ti+Ni
Provided by the IMB-CNM-CSIC group
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NEW TYPE OF 4H-SIC SENSOR FOR APPLICATIONS AT HIGH TEMPERATURES

= o~
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EXPERIMENTAL SETUP FOR SPECTROSCOPY AT HIGH TEMPERATURE

q—

X/

SiC detector

I

80 um
Motorized X-Y : collimator
stage <
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EXPERIMENTAL SETUP FOR SPECTROSCOPY AT HIGH TEMPERATURE
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EXPERIMENTAL SETUP FOR SPECTROSCOPY AT HIGH TEMPERATURE

Collimated
lon beam

80 um
Motorized X-Y \ collimator
stage

The Collimator reduces the ion rate to
avoid damage.
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EXCELLENT ENERGY RESOLUTION AFTER SEVERAL THERMAL CYCLES

Spectroscopy results demonstrate reliable operation in high-temperature environments
like nuclear fusion reactors or outer space.

Energy spectra

500

3.5 MeV Het**

205 210 215 220 225
Pulse height (Channel)
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* Energy spectra measurements from RT to
450°C.
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EXCELLENT ENERGY RESOLUTION AFTER SEVERAL THERMAL CYCLES

Spectroscopy results demonstrate reliable operation in high-temperature environments
like nuclear fusion reactors or outer space.

Energy spectra
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EXCELLENT ENERGY RESOLUTION AFTER SEVERAL THERMAL CYCLES

Spectroscopy results demonstrate reliable operation in high-temperature environments
like nuclear fusion reactors or outer space.

Energy spectra

500
150 °C * Energy spectra measurements from RT to
300 °C 3.5 MeV He** 0
400 ‘ 450°C.
)
5300
@)
2J
© i
B 200
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100 |

205 210 216 220 225
Pulse height (Channel)
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EXCELLENT ENERGY RESOLUTION AFTER SEVERAL THERMAL CYCLES

Spectroscopy results demonstrate reliable operation in high-temperature environments
like nuclear fusion reactors or outer space.

Energy spectra

150°c 4997 « Energy spectra measurements from RT to
3.5 MeV He** 0

A0 _ 450°C.
w
5300
3 « The detector was found to have an energy
;200# resolution <2% over the entire temperature
;1__’ range analyzed (M.C. Jiménez-Ramos et al et al. Radiat.

100 Phys. Chem. 214, 111283 (2024)).

205 210 216 220 225
Pulse height (Channel)
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EXCELLENT ENERGY RESOLUTION AFTER SEVERAL THERMAL CYCLES

Spectroscopy results demonstrate reliable operation in high-temperature environments
like nuclear fusion reactors or outer space.

Energy spectra

150°c 4997 « Energy spectra measurements from RT to
3.5 MeV He** 0

A0 ﬁ 450°C.
w
5300
3 « The detector was found to have an energy
;200# resolution <2% over the entire temperature
;1__’ range analyzed (M.C. Jiménez-Ramos et al et al. Radiat.

100 Phys. Chem. 214, 111283 (2024)).

: o How can we induce controlled damage at

205 210 215 220 225 high temperatures?
Pulse height (Channel)
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ION BEAM MICROPROBE FOR SEMICONDUCTOR CHARACTERIZATION
« Tunable penetration

« lon beam focusing to the um scale

depth (E~MeV). #Si g LY using a magnetic quadrupole triplet.
500 Energy Loss He
. Good selection of %/ » Scanning system: few mm?2,
lon species and /J : o
ionization profiles « Synchronous signal acquisition system
proton with scanning: mappings.

Quadrupole
Focusing Lenses

s,

| XY Charge |
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ION BEAM MICROPROBE FOR SEMICONDUCTOR CHARACTERIZATION
« Tunable penetration

« lon beam focusing to the um scale

depth (E~MeV). #Si g LY using a magnetic quadrupole triplet.
500 Energy Loss He
. Good selection of %/ » Scanning system: few mm?2,
lon species and /J : o
ionization profiles « Synchronous signal acquisition system
proton with scanning: mappings.
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ION BEAM MICROPROBE FOR SEMICONDUCTOR CHARACTERIZATION
« Tunable penetration

« lon beam focusing to the um scale

depth (E~MeV). #Si g LY using a magnetic quadrupole triplet.
500 Energy Loss He
. Good selection of %/ - Scanning system: few mmz2.
lon species and /J : o
ionization profiles « Synchronous signal acquisition system
proton with scanning: mappings.

Quadrupole
Focusing Lenses

s,

| XY Charge |
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ION BEAM MICROPROBE FOR SEMICONDUCTOR CHARACTERIZATION

« Tunable penetration
depth (E~MeV).

» Good selection of
lon species and
lonization profiles.

Quadrupole

127)

« lon beam focusing to the um scale

288i 12c Y

using a magnetic quadrupole triplet.
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E 700 .

S /\ 2 MeV a-particles
< 600

>

£ 500

3 400
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ION BEAM MICROPROBE FOR SEMICONDUCTOR CHARACTERIZATION
« Tunable penetration

« lon beam focusing to the um scale

depth (E~MeV). #Si g LY using a magnetic quadrupole triplet.
500 Energy Loss He
. Good selection of %/ » Scanning system: few mm?2,
lon species and //\ : o
ionization profiles « Synchronous signal acquisition system
proton with scanning: mappings.

Quadrupole
Focusing Lenses

 New ceramic

~1200°C)

vl v
| XY Charge |
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GEFN

DAMAGE UNDER HEAT IMPROVES RESPONSE

- Pristine detector '

« 2D map revealed high homogeneity in
detector's response.

« Ten different regions (100x100 pm?)
were damaged at different doses
(ranging from 1x10%* to 1x10%3
lons/cm?) for each temperature.
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DAMAGE UNDER HEAT IMPROVES RESPONSE

Average height (Channel)
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DAMAGE UNDER HEAT IMPROVES RESPONSE

Average height (Channel)

0 1400 [— T I w T
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% =
:“:.; GCJ 3x10" 1400 S 600| .
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S Z 1300 400| ]
> 600 200 ZOOT |
100 260 300 4(;0 500 G(I)O 700
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800 )
& p
0 200 400 600 800
x coordinate (um)
« The response decreases with fluence,
making some damaged regions inaccessible.
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DAMAGE UNDER HEAT IMPROVES RESPONSE

Average height (Channel)

° PIB:3.5 MeV He™
400°C 600
,\ 200 £id
Ea
o c 1400
E 400 ..a
= = 1300
§ o
> 600 200
100
800 ’ .

0 200 400 600 800
x coordinate (um)

« The response decreases with fluence,
making some damaged regions inaccessible.

« The signal Is better preserved at high
temperatures due to the dynamic annealing
mechanism (Torres, C et al. IEEE Trans. Instrum. Meas.
Under revision (2026)).
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CONCLUSIONS AND FUTURE WORK

» The CNA facility utilizes IBA techniques to study both
scintillator materials and semiconductor detectors for

nuclear fusion.

» Standard fusion scintillators suffer from severe thermal
guenching at next-generation reactor operating

temperatures.

» The 4H-SIC detectors measure suprathermal Ions
effectively up to 450 °C with excellent energy resolution.

XL RSEF PHYSICS BIENNIAL Slide 12/12



CONCLUSIONS AND FUTURE WORK

» The CNA facility utilizes IBA techniques to study both
scintillator materials and semiconductor detectors for
nuclear fusion.

» Standard fusion scintillators suffer from severe thermal
guenching at next-generation reactor operating
temperatures.

» The A4H-SIC detectors measure suprathermal ions
effectively up to 450 °C with excellent energy resolution.

» Future work involves finding new heat-resistant
scintillators and exploring technigues to enhance the
response of damaged 4H-SIC detectors at high
temperatures.
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Six main facilities:
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