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*CSIC  Motivation: UHDR radiotherapy

FLASH effect (Favaudon et al., Sci Transl Med 6 (2014)):
Irradiations with Ultra-High Dose Rate (UHDR) pulsed radiation reduce adverse effects in
healthy tissues
FLASH dose rate 2 40 Gy/s (conventional radiotherapy = 0.05 Gy/s)

Therapeutic window

B 34Gy* 31Gy* 28Gy*

100 - v N ' |
Conventional { | ! _-—~" _—=-°° REvas '.‘\‘!’*
L e Ay ¥ ERCE Y 900, S
---- . LRt SRR © L ~ oA
80- b w - " ‘. e A i ..
0' ! "
® LY £ Normal tissue
£ 60 Tumor control (TC) J,-=Fs, 4/ complication (NTC)
3 ‘\l 4
%
o 404
4
o
20
\\~~
N B A T

Dose —®

Schiiller et al., Physica Medica 80 (2020) Vozenin et al., Clin Cancer Res 25 (2019)
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Motivation: UHDR radiotherag

100
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N 2 us
>
& 135
® =
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2 0113
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o 0011 B i R
é _5 3 us
1E-34 §

>

=

Q
16412

conventional FLASH

radiotherapy radiotherapy

1 Gy in water of 160 MeV
protons = 1E9 p/cm2

per pulse of ~1pus

(dose = fluence x mass stopping power)

w pulse width [0.5—-2.2] us

f pulse repetition frequency [10—-200] Hz

D, dose-rate in pulse [103 -5 - 108] Gy/s
D,=D", dose per pulse [10-3 - 5] Gy
D*,=D",-w-f meandose-rate [10-2 — 1000] Gy/s

)

»Saturation of conventional
active dosimeters (gas and
silicon)

»Need real-time, precise,
radiation hard dosimeters: SiC
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Band gap [eV]

lonization energy [eV/e-h]
Atomic displacement threshold [eV]
Density [g/cm3]

Electron mobility [cm2/Vs]
Hole mobility [cm2/Vs]

Electr. sat. velocity [1E7 cm/s]
Breakdown field [MV/cm]
Thermal conductivity [W/cmK]
Yield [fC/MeV]

Sensitivity [pC/mGy/mm3]

Siicon | asic

CVD diamond

Wafer cost

1.12 3.23 5.5
3.6 7.6-8.4 136

13-15 30-40 43

2.33 3.22 3.52

1450 800-900 1700

450 115 2100

1 2.2 2.7

0.3 3-4 10

1.5 5 20

44.4 21.0 11.8

644 425 259
O(<100€) O(1,000€) O(100,000€)*

Wide bandgap energy
* Not affected by T variations
* Low leakage current
* Transparent to visible light
High atomic displacement
threshold energy
* Radiation hardness
High saturation velocity and
breakdown field
* Timing
Good price-to-performance ratio
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Outline

 Devices fabricated at IMB-CNM



CNM SiIC diodes for UHDR

SUPERIOR DE INVESTI AS

[ESTIGACIONES CIENTIFIC

Centro Nacional de Microelecirénica

* P-N junction implanted diodes

e 4H-SiC, 100 mm wafers
* 3 um high resistivity n-type doped epilayer :
* Operated without external bias, readout with 53

electrometer

i

i1

i

II

g
I

p+ implant
(diode) Front metal1 Front metal 2
Au Passivation dielectric

i/ Al/Ti/Ni
/ S02/Si3N4

Isolation dielectric
sio,

p+ implant
(guard rings) Bjas
Al

i)y

T

|

9

m/m;hm

] Z17

n- type (N-doped 2x10* cm™), 3 pm

1

l

SiC epitaxy

o

ml(

/

n+ type (N-doped 10*° cm™3), 350 um

SiC 4H
‘\ Back metal
Ti/Ni/Au
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SIC CNM SiC diodes for UHDR dosimet

Cenfro Nacional de Microelecirénica |

2.2 mm diode

* P-N junction implanted diodes

* 4H-SiC, 100 mm wafers

e 3 um high resistivity n-type doped epilayer

e Operated without external bias, readout with
electrometer

i/ Al/Ti/Ni Au Passivation dielectric

/ S02/Si3N4

Isolation dielectric
sio,

SiC epitaxy n- type (N-doped 2x10™ cm3), 3 um

SiC 4H n+ type (N-doped 102 cm3), 350 um

‘\ Back metal

Ti/Ni/Au

30 um array
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Outline

 Dosimetry in UHDR beams
— Electrons
— Protons
— Radiation hardness tests
— Spatially resolved dosimetry



L)
CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

Dosimetry of FLASH electron
EMPIR H -~

Th EMPIR ! t o-funded by the Eur on's Horizon 2020
t p ogramme and the EMPIRP rticipating States
UHDpulse

20 MeV FLASH electrons at PTB reference beam
Reference dosimetry

* Alanine

flashDiamond prototype (M. Marinelli et al., Med Phys 2022)
 SiCdiode
1 mm

Encapsulation by PTW

C. Fleta et al., Phys Med Biol 69 (2024) 095013

SiC diode in water phantom at PTB
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120«
o o + | —— Linear fit
Detector linearity {o[| @ siC SN152384 - 2.9 ps ]
G [ | @ SiC SN152384 - 1.6 us
- E | # SiCSN152384 - 05 ps ]
* Response independent both of g Ol _
DPP and of instantaneous dose & 0 ]
rate & | >iC t ?
: : : & 4 ]
« Signal linearity up to at least 11 e 4: 11 Gy/pulse
Gylpulse (3.8 MGy/s) with a "ol 3.8 MGy/s ]
relative deviation of < 3 % * : _
. . 0 . . . | . . . | . . . | . . . _\ . . . | . . .
(*) includes uncertainty of 0 R 4 6 8 10 12
reference detector P
-~ n
T p e BT
T:u At ®
g -2 * ]
x|
74_ T S W — ]
0 2 4 6 8 10 12

Dose per pulse (Gy)
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Dosimetry of FLASH electrons

Detector linearity

Response independent both of
DPP and of instantaneous dose
rate

Signal linearity up to at least 11
Gy/pulse (3.8 MGy/s) with a
relative deviation of <3 % *

(*) includes uncertainty of
reference detector

Dose per pulse detector [Gy]

Deviation [%]

-10 |

15 L

SIC SN152384
o 2us

o 12us SiC
A 0.6pus 7

microSilicon swiszzss -
+ 1.5us

PTW'’s microSiIicon'_

b + + HE++ o+ i

1 2 3 4 5 6 7
Dose per pulse reference [Gy]
1
o O
+ AA .
+ ]
+ :
+ .
+ 4
1

0.1

1 10
Dose per pulse reference [Gy]
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[/ MeV protons at CMAM

 FLASH beam structure: 20 pus pulses,
1.54 ms inter-pulse

« Reference dosimetry EBT4

2.2 mm diode in PCB

U 120 Il_ir;ealrflitzl ] ro—o—rl —
A 4.19 +- 0.07 nC/Gy == ]
g _____ Linear fit: -
Y 00t 1.17 +- 0.01 nC/Gy -
FreSh lede a " Wy SiC-2mm pre-iradition vﬁ
- ; | & sic-2mm irradiated
Q sof B
» Linear up to 26 Gy/pulse S |
2 6ot
© - I
wl g over-irradiatiof
20}
T — wOm
o bsitx o002

0 5 IllllolllllISIIIIZI{)IIII2|5||I
Dose per pulse [Gy]
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# CSIC  Dosimetry of FLASH protons

[/ MeV protons at CMAM

 FLASH beam structure: 20 pus pulses,
1.54 ms inter-pulse

« Reference dosimetry EBT4

2.2 mm diode in PCB

G ‘e L;nelarlfit: IIIIIIIIIIIIIIII +=I@I=|I ]
E I 1.17 +- 0.01 nC/Gy —o— ]
i_.l‘ 12 K1 SiC-2mm irradiated - :
Fresh diode: a |
» Linear up to 26 Gy/pulse S s %ﬁ
After 52 kGy of 7 MeV protons: 5 o} F&
» Linearity is maintained up to at least 11 Gy/pulse “ @
T e
Ot;d)?"é"':i"'é"'é'”llol":le
l. Lopez-Paz et al., Med Phys 52:e17986 (2025) Dose per pulse [Gy]
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Centro Nacional de Microelecirénica

« 1and 2 MeV protons at CNA
(Sevilla)

 FLASH beam structure: 1-10 us
pulses, 500 Hz — 10 kHz, up to
5.6 Gy per pulse (4.6 MGy/s)

To Electrometer « 30 pum diameter planar
microdiodes

To Brookhaven

. { current 400 1.2
j : T e— integrator §35°' 14

=300} —
Vacuum chamber Sample holder l 5 o 08 &
57| 2
Pulsed beam current > 200 06 5
measured to calculate dose £ 150} o4 @
<] Q
§1oo- =

Wl 0.2
. 7 - 5 0 . . . a—dp —

M.C. Jiménez-Ramos et al., IEEE Trans Radiat Plasma Med Sci (2025) 0 moe T
ime (S
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”CS]C Radiation hardness with FLASH protons

Diode #2 | A 2 MeVH*
2.5 Diode #1 | ® 1 Mev H*|-

2ff __— -1.34%/kGy

Detector response to Dose ratio (pC/Gy)

1.5 %
al -0.04 %/kGy
058
g | AT s T T o=
ol . . : .
0 2 4 6 8 10
Total Dose (Gy) %108
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# CSIC Radiation hardness with FLASH proton:

g 3 Commercial silicon dosimeter:
— ' T T ) o .
o& diode #2 | 22 2 Mev H* 5 %/kGy with 62MeV protons
025 Diode #1 | ® 1 Mev H*I- NIEL/LET (62 MeV/2MeV) = 1.3
©
@ __-138%/kGy 1.020
o 1.000 4
P ‘? 0.980
S15F Z }
3 é @ 0.960 ;
o 1} -0.04 %/kGy ® 0.940
Q. 2 N
7] = 0.920 '
Sosl | = ¢
- Y- oy 0.900 ;
3 & LEAL T * T 0.880 , , | |
() ol . \ , . 0.00 0.50 1.00 1.50 2.00
g 0 2 4 6 8 10 Accumulated Dose (kGy)
Total Dose (Gy) %108 L. Raffaele et al., NIMA 891 (2018)
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Centro Nacional de Microelecirénica IME

>

O 3o . . . : 3000 : . . . /
%) A 2 mevH*
o Diode #2 | A 2 MeV H 2500 L] #* 1MoV H* I—I—I
025 Diode #1 | ® 1 MeV H|- < =

E :2000 | y=(0.293:0.007)-x |
[ @ r? = 0.997 Hd-~

o 2 - 5

A @ 1500 | ) :
© 15E - .

w I o

© é 5 1000} gy :
L o mm

g 11 E ! y=(0.207+0.003) - x

% 5007 Aﬂ r? = 0.998 1
o 5

: 0-5 B m 0 ‘ 1 1 1 1

B a 0 2000 4000 6000 8000 10000
3 Dose rate (Gy/s)

% 0 1 1

2 o 2 4 6 8 10

Linear behaviour for FLASH dose rates is

Total Dose (Gy) x10° maintained after irradiation
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w(:Sl(: Towards a 2D dose monitor for FLASH

7 MeV e-FLASH at Institut Curie (France)

» Pulses of 3 us, 6 Gy per pulse

« 12-channel electrometer (PTW MultiDOS) adapted for UHDR
* 4x4 diode array (1 mm, pitch 2.2 mm)

v
o Yo
. r —

Microstage

Ivdan Lopez Paz et al., submitted to Med. Phys
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CS[C Towards a 2D dose monitor for FLASH

Centro Nacional de Microelecirénica IME

7 MeV e-FLASH at Institut Curie (France)

» Pulses of 3 us, 6 Gy per pulse
« 12-channel electrometer (PTW MultiDOS) adapted for UHDR

* 4x4 diode array (1 mm, pitch 2.2 mm)

L —— Chl:7.24 nCipls  —-= Ch7: 7.20 nC/pls

‘é 70 .
— === Ch2:7.18 nC/pls === Ch8: 7.17 nC/pls ]
L 60f...... Ch3: 7.27 nC/pls —— Ch9: 7.39 nC/pls ;
© of 77 Ch4: 7.31 nC/pls === Ch10: 7.24 nC/pls 1
6 S gp— Ch5: 7.17 nC/pls = Ch11: 7.41 nC/pls 5= ]
a0f ——- Ch6:6.97nC/pls  — - Ch12:7.37 nC/pls =¥~ ]
30 [ ”’ 4
20F
10F
o
2
T O 3 v o o b / 9
=}
S 1t
o o 1 2 3 4 5 6 7
[od

Npulses [']

« Sensitivity variation between pixels < 4%

Ivdan Lopez Paz et al., submitted to Med. Phys
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Ceniro Nacional de Microelechrénica IMB O SUPERIOR DE INVESTIGACIONES CIENTIFICAS

Fit with radiochromic reference

E T T 1 T T T 7
E 30F -_ — F T —T T T T T
=, I q 70 ] O I esees e e, - 10
| gm0 e T
9 20 wveowvwrw = = v-! 7 % [ [
+! i 1 o5k . ]
a 1 + + 4 T (o] L "80
o [ OO0 | 5 S I '
o 10 'm"" v-'-! U 5: b ¢ il
>_ >+ O e T e . - [
[ 4+ S  d 4= [ - 60
ok 4 4 elbesee Q 4k 4
_m"- . 4 4 h 9 :
i i Bl B '
D o 5o, & 3r T 40
—10 'mm = :m ' U o {
‘ *** 2_ -
_20-_ ++4 + + 4 : ] . --20
1r . Radiochromic film T ]
_ ] 1 > § SiC-array Cean
—30 B - o 1 0
[ 40 50 60 70 80 90 100 110
40 50 60 70 80 90 100 110 X position [mm]

X position [mm]
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Centro Nacional de Microelecirénica

Towards a 2D dose monitor for FLASH (=

Fit with radiochromic reference

%7: ....o--ooo.,.. -100§
6 v | di &
o | [ ‘ S
© or Lgo O
; < | v
—_ O 1 { . 2
2 °f ©
— [ + )
a'y _ 60 O
o 4r
UNPUBLISHS Z ; ;
{ c - 4
NOT COPY RS 35 ! ; 140
i - ® E
2 2t
[ . ] }20
1 o . Radiochromic film . !
e § sic-array *eey ]
% 50 e 70 80 9 _ 100 110 °

[y 20 .
%7/ 0 o %0 geion !

X position [mm]
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Conclusions

IMB-CNM have produced the first SiC diodes for relative dosimetry in ultra-high dose pulsed
(FLASH) medical beams

— Operation without external bias
— Validated with UHDR electrons and protons
— Radiation hard + linear performance maintained after MGy doses

— Technological demonstrator of 2D dose monitor based on 4x4 array, working towards a large
SiC-based 2D dosimetry system (0.6 mm diameter, 2 mm pitch, 20x20 cm? area coverage,
custom readout)

Outlook

— Transmissive beam monitors
— SIC microdosimeters
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UHDPulse: the EMPIR programme cofinanced by the Participating States
and from the European Union's Horizon 2020 research and innovation
program (18HLTO04).

NEWDOSI: Desarrollos tecnolégicos para nuevos detectores de estado
solido para dosimetria avanzada (PID2021-1234840B-100).

CARACTERIZACION: Caracterizacion de dosimetros avanzados fabricados
en el IMB-CNM para aplicaciones médicas (2022501185).

Microdetectors for medical applications. Proyectos Intramurales
Especiales CSIC (20225AT008).

EURAM/E?'
<

The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Participating States
UHDpulse

GOBIERNO MINISTERIO
» DE ESPANA DE CIENCIA
‘ E INNOVACION

) SR .
Dosimetry monitor for FLASH therapy. LaCaixa foundation (HR23-00718) % la Calxa Foundatlon

Collaborators:

Andreas Schiiller (PTB), Rafael Kranzer (PTW)
Paula Ibafiez, Daniel Sanchez-Parcerisa, Adridn Zazpe, Inés del Monte (Universidad Complutense de Madrid)
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Semiconductor diode dosim

* p—n (or Schottky) junction in:
» Current mode operation
» Unbiased conditions

* The radiation-induced current is
measured by an electrometer

* The current is proportional to the dose
rate and its integration provides the
absorbed dose in the semiconductor

Incident Radiation

u
Electron|®. '+ [g=--O

T Hole
|
Anode. p ‘i A “_,.0 5 .Cathode
o | .0
_: + ""
Y — ' ]
X=X, x=0" x=0" X=X,
—» L, l«Wole—Lp —»

Electrometer —
»Radiation Current

Shi et al., Med Phys 30 (2003)
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Electrical test

Centro Nacional de Microelecirénica

10 4 o W (um) vs V from C-V
ol : : ' — T O 3.00
8- < . 2.80
—~ 7 = e ot — p—
<éi i © £ 2.60
: 6 = '5 & 3" .‘
g 5_- = = ; 2.40 .
3 4 7 2.20
3 - i
N : 2.00
il Forward |-V : 0 20 40 60 80
o Vbias (V)
'1 - LS B SR HE R BB ] LI

S
05 00 05 10 15 20 25 30
V(V)
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CSIC Dosimetry of FLASH electrons

Cenfro Nacional de Microelectrénica IMB JPERIOR DE INVESTIGACIONES CIENTIFICAS

T
o 1.0r % 7
PDD measurement in 5,
e ® ﬂ
UHDR conditions 0l # |
v é
3 g
U
S06r B .
-
2
e
&b
ki 0.4+ .
c
o 8
d"_’ £3 fD - 7.5 Gy per pulse and 2.9 us E
[ SiC- 1.1 Gy per pulse and 0.5 us
0.2 O  SiC- 6.2 Gy per pulse and 2.9 ps ! N
[> SiC- 1.7 Gy per pulse and 0.5 ps g
WV SiC- 10.2 Gy per pulse and 2.9 us
<] SiC- 2.0 Gy per pulse and 0.5 ps s
0.0k gr SiC - 11.7 Gy per pulse and 2.9 us “ﬂ g = |
0 125 150
~ Or BE B -
<
2
.
s _9l _‘ —
1 1 @4} ! 1
0 25 50 75 100 125 150

Depth in water (mm)
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Centro Nacional de Microelecirénica

1]

:CSIC  Dosimetry of FLASH electrons

JO SUPERIOR DE INVESTIGACIONES CIENTIFIC.

0.0

-1.0

-1.5

Relative change in response [%]

Temperature depencence of sensitivity

; « Sensitivity reduction of —0.08% /°C

.  Better than most commercial Si diodes +
opposite trend

TABLE III. Temperature coefficients for n- and p-type diodes. All measurement were made at depth of 5 cm.
10X 10 cm’. SSD=100 cm.

- Temperature coefficient

6 MV 15 or 20 MV Co-60
Diode type (%/°C) (%/°C) (%/°C)
Isorad Gold 1. unirradiated 0.06 0.05 (20 MV} 0.45 (T1000)
Y 7 Isorad Gold 2. unirradiated 0.08 0.10 (20 MV) 0.16 (T1000)
0 (o]
SIC: (0.079 £ 0.005) %/°C o R 02 omGony 037 (11000
] QED unirradiated 0.27 0.25 (15 MV) 0.34 (TPhoenix)
QED Blue Diode 0.30 0.31 (15 MV) 0.30 (T780)
L L QED Red Diode 0.29 0.29 (15 MV) 0.29 (T780)
Scanditronix EDP 10 0.38 0.33 (20 MV) 0 16 (T1000)
20 25 30 35 40 Scanditronix EDP 30 0.36 0.34 (20 MV) 9 (T1000)

Temperatur [°C]
A. S. Saini and T. C. Zhu, Med Phys 29 (2002)
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Time-resolved signals

The SiC diode is capable of

CONSEJO S

: : c S l C
CNY,
UPERIOR DE INVESTIGAGIONES CIENTIFICAS

effectively tracking the
beam pulse current in
FLASH conditions

32 | C. Fleta | Radiation-Hard Silicon Carl
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SIC diode signal [Gy/Ls]

SIC diode signal [Gy/ls]
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Long-term radiation hardness

% SiC: —0.018 %/kGy | * Linear decrease of sensitivity of
- 0.018% / kGy of 20 MeV electrons

i - Not as radiation hard as
diamond, much better than
commercial silicon diodes

0 20 40 60 80 100
Dose accumulation [kGy]

(initial irradiation of SiC diode (10s kGy) not shown)
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Dosimetry of FLASH protons

Position-resolved measurements

radiochromic film

for QA

 Measured beam profiles match with

* Viability of a pixel array beam monitor

CH2
4-channel array of 1 mm diodes

CH3

Current [nA]

Current [nA]

6 Position 1
[ Dose (Gafchr) | --0-- CHL1-Disc. (x2) [nC] e CHL-Cont {35 {:5"'
-0+ CH2-Disc. (x2) [nC] k= CH2-Cont. =
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| =
4 125 g
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B Pl " 208
.'. N
- E& 15
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--0-- CH2-Disc. (x2) [nC] e CH2-Cont
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.
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a
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2 HH I
"a',f [ - i
Q ]
|
1 T '
s AN
-
o s ]

o 1 2

(-]

El 4 5 1

7 8 k]

Position [mm]

Current [nA]
v

34 | C. Fleta | Radiation-Hard Silicon Carbide Dosimeters| V Jornadas RSEF/IFIMED 2025

Position [mm)]

Position 3

[ Dose (Gafchr) | == CH1-Disc. (x2) [nC] 1 CHI-Cont ‘5‘
- CH2-Disc. (x2) [nC] i CH2Cont {35 —
- CH3-Disc. (x2) [nC] t+ CH3-Cont. &
-0 CHa-Disc. (x2) [nC] CH4-Cont. 144 =
o
.
5 3
[
vl
20 /

15

1140

{05

0.0

8 k]



