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Motivation & Goals

Compact fusion reactors introduce
challenges in the management of the
damage to the magnetic system* Vacuum Vessel

Choice of the shielding material
“In ARC-type (Affordable

is crucial: Robust Compact) reactor, the
expected neutrons production

- Radiation attenuation is 1.8 x 102 n/s

- Structural stability at 2 3 > 4 ( Meschini, S., Ferry, S. E., Delaporte-
: " 1 D —I_ T He —l_ n Mathurin, R., & Whyte, D. G. (2023).
operating conditions
g / Modeling and analysis of the tritium fuel
cycle for ARC- and STEP-class D-T

_ . fusion power plants. Nuclear Fusion,

Lowest possible cost of the 1406 63(12). 126005,

material :

MeV
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Aim of the work

Systematically evaluate >700 Combine Monte Carlo transport
binary compounds for neutron » and activation to rank materials
shielding by shielding, power deposition
density, and activation properties
no.= 1, ie=1, iy= 1
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Aim of the work

Combine Monte Carlo transport
and activation to rank materials
by shielding, power deposition
density, and activation properties

no.= 1, ie=1, iy= 1

Systematically evaluate >700
binary compounds for neutron >
shielding

The result was twofold: e L P %
I /”l’_*:\\ i __" -
- ldentifying good candidates for . . " "INV
i ] Extensions, 400 - /' /] T NV
shielding components Al-driven - ey \L\ "um
modelization, = s ! W F/; Sl B
- Creating a dataset of shielding experimental ooy L o =7 Y-
. validations N gl
properties that can be used for e =
future studies* | - 7T | I
| | | | |
-200 0 200
z [cm]
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Materials dataset

Brute-force querying

Sorc: Mteril Proect o) - approacn ougn e e
P of the Materials Project
API (mp_apl) The Materials Project

materialsproject.org
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Materials dataset

Brute-force querying
» approach through the use
of the Materials Project

API (mp-api) The Materials Project

materialsproject.org

Source: Materials Project (database) for
compositions and densities

Filters in the selection™: stable binary

25 T T T . .
H H H . - Neutron Total Cross Section of H | Li, Y., Zhou, F., Hao, Y., Ma, X., Ji, P., Zhang, X,
Compounds InC|Ud|ng Ilght perIOd 2 i) 20k i & Yuan, S. (2022). New cross section
elements and heavy element with Z < 92 = measurements on tungsten isofopes around 14
.g 151 MeV neutrons and their excitation functions.
2 Chinese Physics C, 46(5), 054003.
175
% L | 2600 15:“,(n .’n)mw
¥ i ? 8 5r 24004 T};i.s work
Why these constraints 200] ¢ Kongetal(1997)10]
; . i _ 000 [Frehautetal (1980)[15]
. . . 100_3 10‘2 10‘1 100 101 —E ] v erlfn a.nd 'Graca(l‘)b)[ﬁt]
Light elements are effcient moderators, removing energy = il
from fast neutrons Neutron Eenrgy (MeV) §1%7 L Drushinineral(1966)021]
2 14009 o indner Miskel(1959)[12] /
Jaehong Lee, Fumiaki Ito, Kota Hironaka, Tone & 1200 - gggglﬁ-;.’l ; \
Heavier elements provide high stopping power thanks to high Takahashi, Satoshi Suzuki &Mitsuo Koizumi (2022) 10001 - ENDFBVILO
, . Designs and neutronic characteristics of an epithermal 800 JEFF-3.3
neutron capture or reflection cross-section neutron moderatorat ambient temperature for neutron -] == IO
time-of-flight measurements, Journal of Nuclear 400 T
Science andTechnology 200+ ,
0 T T T ~ T

T T T T T T T T T T T T 3 T T 1
0123 4567 89 1011121314151617 18 1920
Incident neutron energy (MeV)
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MC tools & geometry

Transport code: PHITS (version 3.341) with
JENDL-4.0 nuclear data =

Neutron flux

Activation: DCHAIN code coupled to PHITS spectrum

implemented as the
irradiation source

Geometry: PHITS native CSG framework

Simplified toroidal shell:
- Major radius R=300 cm

- Minor inner radius r=110 cm _—

Shielding material

- Thickness d=20 cm

Neutrons source

Neutron Flux [n/cm?s]

—
o
=

10* 107 102 100 10 10!
Energy [MeV]

Ledda, F.; Pettinari, D.; Ferrero, G.; Hartwig,
Z.; Laviano, F.; Meschini, S.; Sparacio, S.;
Testoni, R.; Torsello, D. et al. 3D

neutronic analysis on compact fusion
reactors: PHITS-OpenMC cross-comparison.
Fusion Eng. Des. 2024, 202, 114323
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Key metrics

° 021 gem’ | Light Element

Metrics used to evaluate materials: . e

RPN L0 o DI oid | o
& o N
. ] %

- Neutrpn Flux R.atlo. (NFR): Crucial 5 o o
outgoing/incoming integrated neutron parameters: g 00
flux NFR vs PDD g o B

Z ° F

-  Power Deposition Density (PDD): o

0 0.5%10* 1x10% 1.5x10% 2x10* 2.5%10%

W/m?3 — impacts cooling and N _ X
Power Deposition Density [W/m”]

temperature window

. . @
= Gamma'ray emission 0.032 MnB, G Heavy Element
g (I\HfBz = TBRh Abundance [ppm] . i
& 0.030 5 . 0001 Each figure provide a
- Availability of the elements (costs) 5 *w 950 multi-dimensional
R4 0028 comparison of shielding
. . . - — performance metrics
- Activation of the material: short-term 3" (here NFR, PDD and
maintenance and end-of-life cases 0.024 iy abundance)
TB;OS 1B,0s,

1x10* 1.1x10* 1.2x10* 1.3x10* 1.4x10* 1.5x10* 1.6x10*
Power Deposition Density [W/m?]
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Full dataset: overview

More than 700 compounds analyzed

3
° 0.21 g/cm . Light Element
17.02 g/cm ® Be

Trends:

- Hydrides and borides stand out:

_________________________ e C
lowest NFR values overall :

® N
@ Li

Neutron Flux Ratio

O
B
F
H

0 0.5x10% 1x10* 1.5x10% 2x10* 2.5x10%
Power Deposition Density [W/m’]
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Full dataset: overview

More than 700 compounds analyzed
Trends:

- Hydrides and borides stand out:
lowest NFR values overall

- Density alone is not a sufficient
predictor

Neutron Flux Ratio

Density [g/cm’]

Power
Deposition
Density
[W/m®]
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Full dataset: overview

More than 700 compounds analyzed

) ) )
1.1
Trends: 1 K —5 . . ' Power' '
0.9 N N - ;.! :.0 Deposition
. . * o %g . ° % . E
- Hydrides and borides stand out: -% T R i bl S 31: ________  ord] ][3\;‘/12%
lowest NFR values overall & 0.7 nl B lee Yeleg - e
X o°0 ° o84 ¢ il 25,000
: . - 0.6 : L eogees 8 Y, v % soes ;
- Density alone is not a sufficient = ? Soees, dot gl T g °
~ 0.5 . e’ 0g.p 8| ° Sgo e 20,000
predICtOI’ [ 0.4 o | .. %0 ;‘.oo.o ° .o.. ol® .o. . ; 5 >
= - Y Re-1 B T T P 15,000
_ - . = . n N *8 %0 ° o ol o % o . ®
- Composition and microscopic cross- 2 0.2 alll I Oo ° o §;g®8 J " Z vo? o®le 10,000
sections matter” N LA Y 5 | % e 8&@% 8
0.1 00g® s 8000 o ® e
: 22050 ope’s  “1o%0000’s .| oo @ Sodo °lo 5000
O e 0" @ gogo.g.ooo g - B.;B % % ()
250

“Peaks of low neutrons absorption 0 1 20 30 Al 2 50 [ 80
attributable to high nuclear stability of Heavy Element Z
the heavy element in the compound
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First Selection

From this dataset, we select two subgroups
of hydrides and borides that satisfies several

physical and technological constraints: : e . 021 g/cm33 TV
- Low Neutron Flux Ratio (< 3.5%), low . 17.02 g/cm ® Be
enough Power Deposition Density = ® C
a2 ® N
- High melting temperature, non-toxicity E & 15
of the compound =
S °0
—
- Abundance in the Earth’s crust, = !
availability (costs) Z °F
e H

) 4 4 4 4 4
Best candidates: 0 0.5x10 1x10 1.5x10 2x10 2.5x10

two subsets of hydrides and borides Power Deposition Density [W/m”]




Borides: characteristics

Trends:
- Moderate-to-good shielding
properties with lower PDD vs hydrides 0.032 , Heavy Element
o @_TasBs
‘g HfB, @ Abundance [ppm]
rZ  0.030 i s 0.001
£ B,W 950
= 0.028
o
=
5 0.026
Q
Z
0.024 TaB,
%8,0s| B:0s,

1x10* 1.1x10* 1.2x10* 1.3x10* 1.4x10* 1.5x10* 1.6x10*
Power Deposition Density [W/m"]
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Borides: characteristics

Trends:

*This emission is attributable to the
- Moderate-to-good shielding properties 8Mn(n, y) = %Mn reaction

with lower PDD vs hydrides

2 Melting
N{j 10 T@I Temperature
- High enough melting temperature, E) 10 e
relatively low gamma-ray emission, %‘ -
except for MnB4* 3
e 3000
5 @:| 2700
&3 W fBZW 2400
5 TeBy]
% 109 M m 2100
@ 1800

1x10*  1.1x10* 1.2x10* 1.3x10* 1.4x10* 1.5x10* 1.6x10*
Power Deposition Density [W/m®]




Borides: characteristics

Trends:

- Moderate-to-good shielding properties
with lower PDD vs hydrides

— Melting
N{j 10 T@I Temperature
- High enough melting temperature, E) 10 (K]
relatively low gamma-ray emission, E BRh
except for MnB4* B .
F—; 3000
) 2700
| 1 53 -
Top borides: £ % -
g 10 7]
1800
TaB,, B,W, MnB,, Ta;B,;, HfB,,Ta;B,, BRh,

B,Os, B,Os, Ix10*  L1x10% 1.2x10* 1.3x10% 1.4x10* 1.5x10" 1.6x10*
Power Deposition Density [W/m®]
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Hydrides: characteristics

Trends:
- Hydrides provide the best neutron 0,010 o
. . : Heavy Element
attenuation (lowest NFR), but higher .o 0.009 rHs Abundance [ppm]
PDD ch 0.008 o 0.52
E 0.007 @ s650
=
= 0.006
£
= 0.005 SHift
2 0.004

1.8x10* 1.9x10* 2x10* 2.1x10* 2.2x10* 2.3x10* 2.4>10*
Power Deposition Density [W/m®]
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Hydrides: characteristics

Trends:

- Hydrides provide the best neutron

: . — IO” Melting
attenuation (lowest NFR), but higher PDD = Ll Temperature
g K]
- Higher melting temperature and = o] 2 NbH
. . . x 10 4000
slightly higher gamma-ray production E @@
vs borides > o
és @ 3000
< 10° 2 2500
E m 2000
(‘5’ 1500
10

1.2x10% 1.4x10* 1.6x10* 1.8x10* 2x10* 2.2x10* 2.4x10*
Power Deposition Density [W/m®]




Hydrides: characteristics

Trends:

- Hydrides provide the best neutron

i i — 10” Melting
attenuation (lowest NFR), but higher PDD = Ll Temperature
g ( [K]
- Higher melting temperature and slightly = 1010 e
higher gamma-ray production vs E‘ @@ 4000
borides > zzzz
T 10 2
E m 2000
Top hydrides: S 1500
10°
ZrH,, NbH,, VH,, TiH,, TmH,, ErH,, NiH, 1.2x10*  1.4x10* 1.6x10* 1.8x10* 2x10* 2.2x10* 2.4x10*
HfH,, TaH, Power Deposition Density [W/m?]
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Top Candidate Materials

Composition p Lg;"-:m3] NFR PDD[W/m® FT[K|] HA l[ppm] +F [1/cm? s

ZrH, 5.64 0.0248  1.25 < 104 1910 165 2.32 x 1010
TaH, 13.20 0.0031  1.94 = 104 2125 2.00 7.97 x 108
VH; 4.76 0.0058  2.04 < 10* 1150 120 5.00 = 107
HfH, 11.66 00051  2.26 = 104 2487 3.00 1.64 « 10°
TiH, 3.88 0.0099  2.20 x 104 1591 5650 1.01 = 104
TaBs 1227 00232  1.35 x 10* 3360 2.00 1.55 « 10°
WB» 12.42 0.0289  1.23 = 10* 2738 1.25 1.30 = 107
MnB, 4.53 0.0328  1.03 x 10¢ 2401 950 1.59 « 1010

Despite their poorer shielding
performance, borides can be
preferable in some neutron control
applications and have lower PDD

7% g5 i i 'l'f‘l.a.eliali o ffo
®24 §Torino | INFN eniws



Top Candidate Materials

Composition p Lg;"-:m3] NFR PDD[W/m® FT[K|] HA l[ppm] +F [1/cm? s

ZrH, 5.64 0.0248 1.25 x 104 1910 165 2.32 % 1010
TaH, 13.20 0.0031  1.94 = 104 2125 2.00 7.97 x 108
VH; 4.76 0.0058  2.04 x 10* 1150 120 5.00 = 107
HfH-, 11.66 0.0051 2.26 x 104 2487 3.00 1.64 = 10°
TiH, 3.88 0.0099 2.20 x 104 1591 56500 1.01 = 1011
TaB 1227 0.0232 135 x 10* 3360 2.00 1.55 = 10°
WB; 1242  0.0289 123 x 10* 2738 1.25 1.30 = 107
MnB, 4.53 0.0328  1.03 x 104 2401 950 1.59 = 1010

Despite their poorer shielding Materials available only under

performance, borides can be extreme, laboratory-level

preferable in some neutron control conditions are not considered

applications and have lower PDD

7% g5 i i 'l'f‘l.a.eliali o ffo
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Top Candidate Materials

Composition p Lg;"-:m3] NFR PDD[W/m® FT[K|] HA l[ppm] +F [1/cm? s

ZrH, 5.64 0.0248  1.25x 104 1910 165 2.32 w1010

TaH, 13.20 0.0031  1.94 = 104 2125 2.00 7.97 x 108

VH; 4.76 0.0058  2.04 x 10* 1150 120 5.00 = 107

HfH-, 11.66 0.0051 2.26 x 104 2487 3.00 1.64 = 10°

TiH, 3.88 0.0099 2.20 x 104 1591 56500 1.01 = 1011

TaB 1227 0.0232 135 x 10* 3360 2.00 1.55 = 10°

WB; 1242  0.0289 123 x 10* 2738 1.25 1.30 = 107

MnB, 4.53 0.0328  1.03 x 104 2401 950 1.59 = 1010
Despite their poorer shielding Materials available only under ZrH2 was added: it is widely used in
performance, borides can be extreme, laboratory-level conditions fusion applications and zirconium
preferable in some neutron control are not considered has higher abundance with respect
applications and have lower PDD to other heavy elements
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Activation & End-of-Life

Activation profiles were Hydrides: faster decay for some (e.g., VH,), TiH, shows low long-term

calculated with DCHAIN for activity
maintenance and for 10

full power years end-of-life Borides: higher residual activity even after long shutdown periods

18
18 10
10" —o- - —— HfH, JI— , e —— HfH,
103 N === TaH, 10'7 // ~ TaH,
= 02 ~ \:\\ N =~TiH, - | —— TiH,
. y = e . - ) 4 : | -
B 10° N\ TR XH, M 10'6 o R b VH,
s ' /OJ/‘ \\ ZrH, = ‘ ZiH,
£ 100| “ag, s : B,W 2 / SN ——" |
2 I(’”I'()/) N ‘; 1015 = MnB,
! oS gt N P q Doy | B2
N » % A or s/]})( 24 ‘7(/1'3[. oF S, K7
1073 %o, 0;,,,; 70, (T
1 0*() 1 0 13 . - ~
g /J/( » e, /OJ’(' 25-1’( OJ’( "0 / N 6 9 /., 0 3 6 9 7
- ~ g U ) Cap, IR 0 0 (%) (0 o (o &,
2, /){/] OI/IS r 2, l){/] f){/) 7
Time [s] Tasiie: 4]

, Politecnico
Torino




Conclusions

Hydrides (especially TiH2) emerge as best 1 — HfH,
compromise: lowest NFR, relatively low PDD 1,7 — TaH,
and manageable activation g 5 ::L — TiH,

VH,

Neutron Ratio
=
A
\\R
3
L

107 1073 1072 107! 10° 10
Neutron Energy [MeV]
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Conclusions

Hydrides (especially TiH2) emerge as best

compromise: lowest NFR, relatively low PDD and (j.:.mpﬂg,itiﬂn PDD [W:"mf:] FT K]
manageable activation
ZrH; 1.25 x 104 1910
Borides are good alternatives when lower PDD TL?HE 1.94 x lﬂ: 2125
and thermal robustness are critical VH> 2.04 x 10 1150
HfH, 2.26 = 104 2487
TiH- 2.20 x 10% 1591
TaB; 1.35 % 10* 3360
WB: 1.23 x 10* 2738
MnBE, 1.03 x 104 2401
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Conclusions

Hydrides (especially TiH,) emerge as best
compromise: lowest NFR, relatively low PDD and
manageable activation

Borides are good alternatives when lower PDD and
thermal robustness are critical

Next steps:

- Extension to ternary compounds or
combination of binary compounds

- Engineering integration of these results

INFN  eni®®

Materials
simulations

Geometry

<>  Physics [¢—

Costraints

Optimized components for
fusion technology




Thanks for your attention!
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