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LNL (Legnaro National Laboratories)

1. Introduction
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The Target Service at INFN-LNL

1. Introduction
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The Target Service at INFN-LNL

1. Introduction

Activities of the service (Production)
e Targets for nuclear physics
e Targets for applications

High-power targets
* |SOL targets }

Collaboration activities

e Characterization of innovative targets
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The SPES facility at INFN-LNL

1. Introduction

SPES is: 1) A second generation ISOL facility (for neutron-rich radioactive ion beams)
2) An interdisciplinary research center (for p,n applications)

SPES-B
The acceleration of
neutron-rich unstable nuclei.
1013 f/s — 10 MeV/A

SPES-a
Proton beam from
cyclotron and building

construction.
SPES-6

SPES-y
Production of radionuclides
for applications.

Multidisciplinary
neutron sources.

EU
Istituto Nazionale di Fisica Nucleare . . . .
I N FN LABORATOR] NAZIONALL D LEGHARD | P Stefano Corradetti, PRISMAP School on radionuclide production, 28 May 2024 7

Prismap




The SPES facility at INFN-LNL
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1. Introduction
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ISOL target

2. Target materials
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ISOL target material research in Europe and world

wide

2. Target materials
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ISOL target material papers — focus on materials

2. Target materials

Y
o
' -
w = 9y (o))
(- o o o

N
o
Cumulated no. of publications

No. of publications/year
o

O P N W H U OO N 0O O

o

1991 1996 2001 2006 2011 2016
Year

J.P. Ramos, Nuclear Inst. and Methods in Physics Research B 463 (2020) 201-210.
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ISOL target material research in Europe and worldwide

2. Target materials
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A few notable articles/reviews

2. Target materials
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ISOL target materials: production and release

2. Target materials
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ISOL target yield

2. Target materials

ISOL target yield [s]:
Y=Y, (E)Iprimgrel()l) €form €irr €ion

£ (1) = j e~ Ap(t)de
0

t = tdiff +tads +teff

Where:

Yo(E): normalized production rate of the isotope [UC '] — depends on incident
particle, production cross section (function of the beam energy, E) or in some
cases secondary production channels

lim: Primary beam intensity [pA]

pri
€.m - Molecular sideband formation efficiency

€, : chemical losses and irreversible adsorption on surfaces
€on - IONization efficiency

€, : release efficiency — depends on losses due to the release time (t), isotope
decay (A) and probability density function (p(t)).

p(t): probability density function (release curve) — depends on chemical
element, target matrix, microstructure and geometry of the target-ion source
assembly

tyis: diffusion time
t_,.: delay due to surface sticking

ads®

t.: effusion time

J.P. Ramos, Nuclear Inst. and Methods in Physics Research B 463 (2020) 201-210.
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ISOL target release

2. Target materials

Release curve: Where:
(0]
_ —At : i iffusi
grel(/l) — j e p(t)dt pp(t): release curve relative to the diffusion process
0

pe(t): release curve relative to the effusion process

[0,t]: time interval for diffusion

t
p(t) = j pp (Dpe(t —1)dT [t,t]: time interval for effusion
0

R. Kirchner, Nuclear Inst. and Methods in Physics Research B 70 (1992) 186-199.
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Diffusion (in spherical particles)

2. Target materials

Diffusion release curve and efficiency: Where:

dc _ pv?
dt ¢
_Ep
D = Doe RT
6 - 2y
pp(t) = EE e M H
n=1
p=m=
64 ® p—(A+n?pu)t
t J—
é(t) 2 A+ n?u
n=1

C: concentration
D: diffusion coefficient [m?2/s]
E,: activation energy for diffusion [J/mol]

r: spherical particle radius [m]

C = Concentration, number of
molecules per mL

- i
PY — = Change in concentration moving
° ° dx from left to right
L el
[ ] L
S e/ N/ N—
L
® [ ]
[ ° o J = Flux, number of
° molecules leaving surface
® per second

>

R. Kirchner, Nuclear Inst. and Methods in Physics Research B 70 (1992) 186-199.
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Effusion

2. Target materials

Release curve: Where:
pe(t) = ve v: time constant

v w: mean number of collisions
&g (/1) = m T.: sticking time per collision

T;: flight time between collisions

g = — = w(Ts + Tf)
()] Ioniser

Connection Tube

Target Chamber E /

R. Kirchner, Nuclear Inst. and Methods in Physics Research B 70 (1992) 186-199.
+ I
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ISOL target release: diffusion + effusion

2. Target materials

Release curve:
3v [(Wcoth(W) —1
grel(/l) — < >

v+ A w2

(0]

6uv \ eVt — gn Kt
p(t) = — Z >
[ v+ neu

n=1

1 * Work at the highest
For short lived isotopes and fast effusion (v>>A>p), e(1) = > (2)2 possible temperature

r

* Keep grain size as
small as possible

R. Kirchner, Nuclear Inst. and Methods in Physics Research B 70 (1992) 186-199.
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ISOL target materials: thermomechanical stability

2. Target materials
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700 F
600 F

500 f

400 » o. .0" PR o....%......I.o...b..‘.....

T e

200 | Temperature

Critical Tangential Stress [MPa]

100

1050 1100 1150 1200 1250 1300 1350 1400
Average Temperature [°C]

1% principal stress

Production process should optimize:

* Thermal conductivity

* Emissivity

e Strengthening mechanisms
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ISOL target materials: performance consistency

2. Target materials
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A. Gottberg, Nuclear Inst. and Methods in Physics Research B 376 (2016) 8-15.
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ISOL target materials requirements

2. Target materials

Target working conditions:
 Many days of continuous operation (10 + 15) |

e T=1600+ 2000 °C, even more in some cases . .
Carbide/carbon composites

* Tens of kW power to dissipate (irradiation) - (UC,+2C, TiC+2C, ThC,+2C, ...)
* High vacuum

e Radiation (p, n, vy, a, B, ...) -
Two sets of properties to optimize: nanostructure-porosity and thermo-mechanical

= @ Easy to
Q’@'@'@ balance?
o 02020 %Y
0N0-0,0.¢
O )

Open porosity and nanostructure to obtain faster and more High thermal properties to efficiently
stable release of isotopes

issipate heat
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ISOL target materials

2. Target materials

Oxides: usually constituted by sintered powders, fibers or films deposited onto highly permeable substrates.
HfO,, ZrO,, Al,03, CaO. Production of Ar and F. Reactivity issues (es. Al,O5 in contact with graphite), sintering
a big problem for long-term operation. Low thermal conductivity!

Borides: the more refractory ones have shown a too slow release. In some cases, as for CaBg, the release was
fast, but the amount of impurities contained in the material was too high, thus causing malfunctions in the
ion source functioning.

Sulfides: only a few sulfides are sufficiently refractory to be used as ISOL targets. In particular, CeS has been
used for the production of p-rich Cl and P isotopes. Limiting temperature issues in contact with graphite. Not
so many refractory ones available.

Pure metals: metals, either in the form of sintered powders or thin foils have been extensively used as ISOL
targets, especially for spallation-based production. The most used metals belong to groups 4 and 5 of the
periodic table, since they possess very high limiting temperatures and guarantee fast release of isotopes.
Less useful with low energy primary beams. Liquid metals promising but corrosive!

Carbides: most used materials for ISOL targets, many off-line and on-line tests have been done to
demonstrate their capability of fast releasing of short-lived isotopes. To obtain a faster release of isotopes,
often the material used as a target consists in a dispersion of the desired carbide in a matrix of excess
carbon.
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ISOL target materials

2. Target materials

Table 2
Overview (not exhaustive) of studied ISOL target materials. Underlined are materials that are currently, or have been recently, used for
operations. (*) Engineered micro- or nano-structures have been developed for this material.

ISOL target materials

Molten Solid metals Oxides Carbides Others

Au [24,25] Cm [26] Al,05" [27,28] AIC; [29] AIN [28]

Ag [25] Hf [30] B»05 [29] B4C [29] BaBs [31]

Bi [24] Ir [32,29] BaoO [33] C (gr) [29,28] BaZrO; [31]
Cd [34] Ir/C [35] BeO [36,29,28] C (MWCNT)* [37-39] BN [28]

Ce [25] Ir/Ta [37] Ca0* [33,42,45] CaG, [43] Ca-zeolite [40]
CesS, [31] Mo [41] Ce0, [48] CmC, [26] CaBg [33]
Er:Cu [2425] Nb [35,44] Cr,05 [32] GdC, [49] Ce(OH), [46]
Ge [47,34] Os [32] HfO5x [50] LaC>* [33] CaF, [43]
Gd:Cu [25] Pu La,03 [48] ScCy [35,33] CeBs [31]

Hg [34] Pt/C [44] MgO [33,45,28] SiC* [32,44,27,28] CeS [31,28]
La [34,51] Re [35,32] NiO [54] TaC, [32,33] LuF; [52]
La:Th [34] Re/C [30] SrO [55] ThG, [44,33,26,56] Na-zeolite [40]
La:X [34] Ru [32] Ta,03 [30,32] TiC* [32,38] TasSis; [32]
NaF:LiF [53] Ru/C [30] ThO-" [48,32,50] UC,* [58,31,26,56] HfsGes [32]
NaF:ZrF, [53] Si layers [41] TiO3 [50] VC [31,32] Hf5Si3 [29]
Nd [25] Sn/C [44] U0, [59] ZrC [32,59,49] HfsSns [32]
Ni [25] Ta* [35,57,29] Y-04" [61] TasSis [32]

Pr [25] Ti [35,44] Zr0, [34,32,50] Tl-zeolite [40]
Pt:B [24] Th [41,26] Th(OH), [46]
Sc:La [34] Th/Nb [35] ZrsGes [32,28]
Sn [34,60] U [26] ZrsSis [32,28]
Tb [34] U/C [32]

Te0,:KCI:LiCl [32] V [35,31]

ThF,:LiF [24] W [31]

Pb [34,51] Zr [35,59]

Pb:Bi [62]

Y:La [34]

U [63]

U:Cr [34]

Zn [34]

A. Gottberg, Nuclear Inst. and Methods in Physics Research B 376 (2016) 8-15.
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ISOL target materials

2. Target materials

J.P. Ramos, Nuclear Inst. and Methods in Physics Research B 463 (2020) 201-210.

MgO ,UQ2-MgO
HfO?2 fibers Be0 \ / submicton
Ti02 fibers ThO2/Ta
ThO?2 fibers !
CeO2 fibers \

ISOLDE
Materials
(since 2000)

Targets used at ISOLDE 2000-2019

high density

Protons
388883388

e e————————— el

4
|

"' 1.4 GeV x 2 pA protons [1/s]

8.8

=

Protons

Protons
shEsamgui

" 35MeV x 3 mA electrons [1/s] |

o

150
Neutrons

1E13
1E12
1E11
1E10
1E9
1E8

4 1E7
- 1E6
1ES

1E4
1E3
1E2
1E1

1E13
1E12

1Q1EN

1E10
1E9
1E8

L 1E7
- 1E6
| 1E5

1E4
1E3
1E2
1E1

1E13

ke
1HEn
{Et0

1E9

1 1€8
1 E7
| 1€6

1ES
101E4

1E3
1E2
1E1

A. Gottberg, Nuclear Inst. and Methods in Physics Research B 376 (2016) 8-15.
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Carbides

2. Target materials

SiC

Generally speaking, a carbide is a compound formed by carbon with other elements with lower or about equal
electronegativity. Most of these compounds are ceramics, and some of them are actually refractory, since they
have high thermal and chemical stability and can therefore be used in extreme environments.

Synthesis:

e Direct reaction of metal with carbon: xM + yC - MxCy

e Reaction of metal with gas (hydrocarbons): thin films

e Carbothermal reduction: oxide + carbon = carbide + CO (high vacuum)

* Sol-gel process: lower temperature for the synthesis, followed by carbothermal reduction

Istituto Nazionale di Fisica Nucleare . . . .
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Production techniques: traditional

Weighing raw materials Carbothermal reduction

Oxide + carbon — Carbide + (carbon) + CO
P, PETRYINE S

& X ""'A
s

3. Production

Pressing

Heat treatment

-

a, after pressing
Optimization of properties by:
e Choice of carbon precursors and residuals

* Heat treatment parameters

Istituto Nazionale di Fisica Nucleare . . . .
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Production techniques: traditional

3. Production

N
Raw materials
J
Sieving i

A

\ 4

{ Mixing/milling ]

A 4

Pressing

A\ 4

" Carbothermal
. reduction

A

Sintering ]
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Production techniques: sol-gel

3. Production

C12H2804Ti
SAL pH=3 Aging Drying Milling
Cz"s()“n"zo prm— — —_— —_—
HNO,

PF

Moulding Sintering in argon

0.5g/740Mpa ® 13*2 mm 1450 'C, 2 h

ey ——

Optimization of properties by:

* Choice of organic/inorganic precursors

TiC targets after
* Heat treatments parameters thermal treatment
(sintering)

* Sol-gel conditions

Stefano Corradetti, PRISMAP School on radionuclide production, 28 May 2024 29
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Production techniques: casting

3. Production

Synthesis of UC, Target conditioning
° Carbothermal ; ;
3 g:? Cazt:‘nglgscz AC reduction Te Ur?tzlc Loiglnrlgi:‘agrget Binders and | £
.g aE> 9 5x105 Torr  °n 9raphfte solvents §
o PPTTY evaporation
) - v ‘ ‘ - & 5x105 Torr | S
S ,
4 days 30 days* 6 days 1 day 15 days*
Synthesis & conditioning of target material
- - ) :
Sfll Casting UO,/C Loading
. = on grgaph|tfe graphite container Carbotr}ermal =
Ten-fold time 20 reduction & | &
reduction 3 E ‘ (YYYY conditioning | 2
o 5x10 Torr | «~
| | =
4 days 1 day 1 day*

Optimization of properties by:

e Choice of carbon precursors and residuals (and backing)

* Heat treatment parameters

M. Cervantes, P. Fouquet-Métivier, P. Kunz, et al., Nuclear Instruments and Methods in Physics Research B

463 (2020) 367-370.

Pressure (Torr)

0.1

600
1= Pressure within the chamber
1=== Resistive heating current I s £ 500
f. carbothermal
H reduction 400 2
' .
H completion ~—
! £
| CO release | ," -300 E
evaporation ‘5
of water and F200©
plasticizers : [
’ 3
’ -
___________ o ¢ e -100
4 . L
l"' :
T s T b 0
0.5 1 15
Time (h)
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Production techniques: electrospinning

3. Production

1
2 1
Raw materials - . - -
[ Ohmic flow : Convective flow 'ﬁ'
I --
v : — !:I } ------ Solution variables
k = | " 000
In Taylor cone o | (- Needle variables
A Spinning tip I;:j ; ‘ C\%V @ @ @
1 .
\ 4 1 . @ - Collector variables
I : AN o : i
. VA [ @cen
Electrospinning | or-wv . |8
1 ! -
Geometry of cone is governed ! . ! “\‘
by the ratio of surface tension ! Zone of transition between P—— " \ '.'
4 to electrostatic repulsion : liquid and solid - . /" vonRemlLab
Carbothermal : > Target
re d u Ct ion SLOW ACCELERATION . RAPID ACCELERATION
[ Sintering ]

S. Chowdhury, L. Maria, A. Cruz, et al., Nanomaterials 10 (2020) 2458.
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Production techniques: additive manufacturing

3. Production

Ceramic ink formulation

AM Techniques

Porous Microstructure

+ after thermal treatment
: e L]

3YZ NPs + PEGDA +
thermal or photo-initiator
= . PuSL él
- - -~ DO ink :
7 B | EPELES " . 1 R e
& 107 P e = o #
: ‘\.‘\-\_\ -.‘ c
- " ~3 .—.
oy “‘——___ Pasl ik
1 s,  MSIOSRS
Y% W lee— Initial parameters affect material
Shoar Mate (») -

properties after thermal treatment

Optimization of properties by:

* Choice of organic/inorganic precursors

After thermal treatment

. sinterin
* Printing stage ( g)
* Heat treatments para meters
+o
I N FN ﬁﬁﬁwﬁzﬂ'}ﬁ:ﬁﬂ: EZTE:N'::EI%W prigap Stefano Corradetti, PRISMAP School on radionuclide production, 28 May 2024 32




Additive Manufacturing of ceramics

3. Production

Directed :
Sheet Powder Bed Energy Material

Deposition

Lamination Fusion

infographic courtesy of Hybrid Manufacturing Technologies

Material
Extrusion

Feedstock Part dimension®
AM Technology (liquid, paste, (size that can be (quality of Printing

powder, produced parts, not of .

- ) . resolution

filament) economically) single struts)
Binder jetting Powder M-XL Medium 100 pm
Inkjet printing Liquid XS-M High 10 ym
Laminated object manufacturing Paste M-L Low 100 pm
Direct ink writing Paste S-XL Low 60 pm
Fused deposition modeling Filament M-XL Low 100 pm
Vat photopolymerization Liquid XS-M High 25 um
Two-photon polymerization Liquid XS-S High <1um

:XS=100ym; S=1mm; M=10mm; L=01m; XL=1m

P. Colombo, J. Schmidt, G. Franchin, A. Zocca, J. Glinster, Bull. Am. Ceram. Soc., 96 (2017) 16.
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Sintering

3. Production

+

—————

Careful with too much sintering!

C.B. Carter, M.G. Norton, Ceramic Materials, Science and Engineering, J.P. Ramos, A.M.R. Senos, T. Stora, et al., Journal of the European Ceramic Society
2nd edition, Springer, New York, 2013 37 (2017) 3899-3908.
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Characterization: micro and nanostructure

4. Characterization

Electron microscopy

R L T s BT —gw 8 150 gm i P
Scanning electron microscopy to study microstructure Transmission electron microscopy to study nanostructure

A. Zanini, S. Corradetti, S.M. Carturan, et al., Microporous and Mesoporous L. Biasetto, S. Corradetti, S.M. Carturan, et al., Scientific Reports 8 (2018) 8272.
Materials 337 (2022) 111917.
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Characterization: porosity

4. Characterization

Amount of pores

Density's easy, it's mass

100
over volume .
90 -
"l"’V""""'""""""""“”;'s"g"' 3 _._ Open Porosity
ensity_ m — P{ot =1— M 80 - —&— Closed POf?Sity
=— Prn : —e— Total Porosity
volumey 70 -
_d-——"__-‘.-__‘—"‘——ﬁ-_
e ///0——--_______‘_-_-:_::::
= =
X 1
2> 504
g i
5 404 e )
& ./// /——'—/ "
30 - ./—/—’—
20 4
10 -
@ P ._*—_"——"'——‘—--—_ ——e
0 I | I I I 1 I 1 I 1 I
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Archimede’s Picnometry Temperature [*C]
o
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Characterization: porosity

4. Characterization

Type and size of pores — micropores (<2 nm), mesopores (between 2 and 50 nm)

a) T T T T T T T
. ——
i o TiP sucrose 1000°C
051 | 4 TiP sucrose 1200°C :
‘& ‘ v— TiP sucrose 1450°C
: 7 ‘ TiP sucrose 1750 °C vac
0.6 - : 2
o X
£l ,
g . .o g i
3 %
L
0.2 4 e "\ -
& "w\_ Bmew o
| L Y ®-g S = E-N-g—
L ]
- — —ar 0.0 ¢ eeee .
Gas phy5|sorpt|on 04 06 08 10 12 14 16 18
Pore width (nm)
1 o

. adsorbate in the monolayer

Amount adsorbed ———»
B
Amount adsorbed ————»

@ adsorbate in the multilayer/pore filling

undadsorbed adsorptive

Relative pressure —
Relotive pressure —»

b) 240 T T T T T T
220 - i w-umr'!l"))ﬂ‘/xtw;)ﬂ‘«"-ﬂ’ ]
FI
. 200+ i B
o
= 180 4
£
L 160 4 R
& 140- d
(/)]
o 1204 4
-8 b e eeTel 3 L L8 1€ 16 1€ 1€ 18 18 Tassse
5 1014 ;
D god Bt 4
® = ~®m-TiP sucrose 700°C |
N J8 @ TiP sucrose 1000°C A
pd o A TiP sucrose 1200'C
40 i -w-TiP sucrose 1450°C | |
o TiP sucrose 1750°C vac
204 28 .
0] Sedaasonnnppngnn a <)
L L] L] I I T
0.0 0.2 04 0.6 0.8 1.0

P/P°

Allows calculation of surface area
[m2/g] through different methods
(BET for example)
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Characterization: porosity

4. Characterization

—

Hg porosimetry »

Type and size of pores — macropores (> 50 nm)

280

240 i T

160

130{““mu““mmmmmmfmm

80}

120{”mmmmmmmmmmmm

Cumulative pore volume (mm3/g)

60

40§

20}

O ——

35

-30

[ 25

T———
N
o

T
N
[6)]

10

0.001

Pore diameter (um)

(9,) @wnjoA alod aAne|ay

D. Sciti, S. Corradetti, et al. , Journal of the European Ceramic Society, in press, https:/doi.org/10.1016/j.jeurceramsoc.2024.04.072
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Characterization: porosity

4. Characterization

e

gjze Distribution ,9%
. o

ot

Istituto Nazionale di Fisica Nucleare . . . .
I N FN LABORATOR! NAZIONALL DI LEGNARD | i F Stefano Corradetti, PRISMAP School on radionuclide production, 28 May 2024 39
- rismap



Characterization: thermal properties

4. Characterization

Thermal conductivity and emissivity

infrared
pyrometer

window
% heater

main Iate

\

HEATING
CURRENT

a)

vacuum
chamber

RS

support bar

sample disk

SiC SA emissivity

thermal conductivity (W/m*C)

1.00

0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55

0.50

sample 1

sample 2

sample 3

sample 4

sample 5

sample 6

average value

95% confidence bound

600
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temperature (°C)
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201 SiCsp
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100 |aaa: SiCSA
0 : L L
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temperature (*C)
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Characterization: thermal properties

4. Characterization

Thermal conductivity — laser flash

IR Sensor/ Detector

Cooling Water
Sample Holder

Sample Carrier Tube

Fused Silica Window

k =a-p-c,,where: kthermal conductivity [W/m*K], a thermal diffusivity [m?/s], p density [kg/m?3], c,
specific heat [J/kg*K]
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Characterization: thermal properties

4. Characterization

Thermal conductivity — steady state and inverse analysis

1500 1

TCN e TPE — —

1400 7
1300 1
1200 7

1100 4

1000 7 o

Temperature [°C]
\
\
\

900 1 P

800 1

700 1 L0
] -

600 A

500 A

TPN

180
Heating current [A]

Minimizing a residual function J(f) = ).

Nc¢s
i=1

llllllllllllll

thermal conductivity (W/m*C)
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40 |

30
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SiCSP

95% confidence bound

1

1

L L L 1 1

700

750

800

850

temperature (°C)
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2 2
lTCCOMPi (f) o TC_MEAS_i] + [TPCOMPi (f) - TP_MEAS_i] ’ where
f = {flle’fS} = {COI Cl) CZ} — k= C() + Cl -T + Cz y Tz

M. Manzolaro, S. Corradetti, M. Ballan et al., Materials 14 (2021) 1689.
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Characterization: thermal properties

4. Characterization

Emissivity
1.0
0.9 4
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, , S. Corradetti, M. Manzolaro, A. Andrighetto, et al., Nuclear Instruments and
M. Ballan, S. Corradetti, M. Manzolaro, et al., Materials 15 (2022) 8358. Methods in Physics Research B 360 (2015) 4653,
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Characterization: structural properties

4. Characterization

SR SiC Hexoloy SA SiC Hexoloy SP
*s' "g Ge = G|

g

£ E

5 8

g - Go

£

£ r

_ ~ s B ey &
diSC e - O'r diSC 0-| = GC 0| = O-C

centre R = periphery  (disc periphery) (disc periphery)

M. Manzolaro, S. Corradetti, M. Ballan et al., Materials 14 (2021) 1689.
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Characterization: structural properties

4. Characterization

Test type

Tensile, flexural or compression mechanical properties

Properties measured

Examples

Cantilever bend

Bending strength,
elastic modulus

(Henry and Thomas, 2002;
Caliaro et al., 2013)

(Skubisz, 2001, 2002;
Petutschnigg and Katz,
2004; Green et al., 2006;

etal., 2014)

Four-point bend

Bending strength,
elastic modulus

(Goubet et al., 2009;
Robertson et al., 2015)

Tensile strength, elastic

(Spatz et al., 1998; Ryden

Stress, o
A

Strain hardening

/

Yield strength

Tension modulus et al., 2003; Cavalier et al.,
’ 2008; Abasolo et al., 2009)
Rise
Young's modulus = Slope = ——
(Niklas, 1998; Spatz et al., 9 P Run
Buckling Critical buckling load 1998; Frese and Blass,

2014)

Compression

-
>
Z
£

Compressive strength,
elastic modulus

(Niklas, 1998; Wright et
al., 2005; Frese and Blass,

AN AN

Necking

Three-point Bending strength, Lim et al., 2011; .
|bend elastic modulus Christoforo et al., 2012; Ultimate strength
Ampofo et al., 2013; Slate \
and Ennos, 2013; Lemloh
Fracture

» Strain, €
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Characterization: structural properties

4. Characterization

Use of thermal gradients to measure mechanical properties

thermal-structural design of ISOL targets
input > thermal analysis [ output > L TN Real Thermoelastic Parameters (RTPs) Approach
target disk i target disk e WAYA T E. V. o |:> =<
power deposition thermal conduction temperature field {T} Y LR ) L FE’m:)deI > i} O1max < OLviT
thermal radiation AT (\ R
required material properties: ! ! i, C\R Virtual Thermoelastic Parameters (VTPs) Approach
* k (thermal conductivity) \ ‘ LY A\ T E o o e . .
¢ slermaning N AAX VA {T} s {o }|:> Ormax < GLivir
input > structural analysis | output > stress limit estimation for ISOL target materials
target disk target disk Eva ’
temperature field {T} linear elasticity stress field {o} experimental test and > #) Oc maximum stress
e required material properties: " defintiion of IC (at failure) lc €, k 7 {Tc} 22 Ff m(: e i in the sample
* E(Young’s modulus) FE model g Ea¥a0 oC' (at failure)
* v (Poisson’s ratio) FE model
* a(coeff. of th. expansion) $1C surnulas
" " J “p’ —> O¢j —> | Weibull Analysis | — OpvIT
‘ . . —> GCi. —> | Weibull Analysis | —> oLt

M. Manzolaro, S. Corradetti, M. Ballan et al., Materials 14 (2021) 1689.
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In{In[1/(1-Pf)]}

Characterization: structural properties

4. Characterization
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Use of thermal gradients to measure mechanical properties
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M. Manzolaro, S. Corradetti, M. Ballan et al., Materials 14 (2021) 1689.
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Characterization: limiting temperature

4. Characterization

100.0

99.5

99.0

98.5
98.0

915

sample mass (%)

97.0
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96.0

95.5

95.0

1600 1650 1700 1750 1800 1850 1900 1950 2000
reference temperature for the 24 h test (°C)

M. Manzolaro, S. Corradetti, M. Ballan et al., Materials 14 (2021) 1689.
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Characterization: physico-chemical stability

4. Characterization

a) b) Color:
. OFit. Val. 2004 OFtt. Val. I As-produced [l 1500°C -2 h 1500°C - 10 h
—f’ 2 0bs, Val. ol 2 0bs. Val. Patern:
-+2 .23 Errg -2 23 Ermrg
10 60 1 100+
40 4
2 4
< £ 80
< 20 a 0
g o 3
% -20 3 60
40 g
0 3
60 S 401
-80
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J.P. Ramos, A.M.R. Senos, T. Stora, et al., Journal of the European Ceramic Society 37 (2017) 3899-3908.
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Characterization: physico-chemical stability

4. Characterization

Intensity [arb. units]
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Characterization: release

4. Characterization
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Characterization: release

4. Characterization
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Simulations: diffusion

5. Simulations
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Simulations: effusion

5. Simulations
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Simulations: overall release

5. Simulations
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Target examples: UCy

6. Examples
Table 1
Typical target and driver parameters at different RIB facilities using the respective geometries. For all calculations UC, following thejestablished composition (UC, + 2C)jand
density (3.5 g/cm3)|was used.

Particle ~ Typical  Typical  Typical Instantaneous  Typical UC,  Typical UC, Integrated’ Absorbed Max. power
beam beam beam power if target target stopping power in target  density®
energy current  power pulsed thickness diameter power material® [kW cm ]
[MeV]  [pA] (kW] [GW] [g/cm?] [cm] [MeV] (kW]

ISOLDE-CERN p 1400 2 2.8 pulsed, 1.2° ~ 45 1.4 70 0.2 0.02
SPES-INFN (8] p 40 200 8 CW. 23 4.0 31 6.6 1.9
iThemba LABS [18] p 70 115 8 c.w. 5.9 4.0 35 4.2 0.6
RISP-IBS [10] p 70 140 10 cwW. 8.7 5.0 60 8.3 04
ISAC-TRIUMF ) 480 100’ 48 cwW. ~ 18 1.8 60 4.0 1.5
ARIEL-TRIUMF’ e -7y 35 2800 100 pseudo c.w.” ~ 11 4.0° 35 - NaN 54 - 11 7.8 > 1.1
SPIRAL2-GANIL[19]° d—n 40 5000 200 pseudo cw.'”  ~8.9 8.0 40 - 0° 199 - 0.4 49 - 0.002

' Due to the current license the operation of actinide targets is restricted to 10 pA.

2 ARIEL will have two target stations using 35-75 MeV electrons and 480 MeV protons (see ISAC-TRIUMF) respectively, values are based on the current electron target
concept.
Includes contribution from the fission process.
Due to the limited interaction range of the photon the cylindrical target will likely be oriented perpendicular to the beam.
For the calculations the design for a 50 kW neutron converter [20] was used.
Not considering neutrons that induce fission reactions.
Integrated over the full target thickness.
The proton beam at ISOLDE-CERN is pulsed with ~3 - 10'® protons within a 2.4 ps bunch.
The ARIEL linac is delivering <8 pC electron bunches with bunch length of 35 ps and bunch repetition rates of 650 MHz.
The GANIL driver linac is based on 88 MHz operation with a bunch length of 1.6 ns [21].

L W NV bW

5]

A. Gottberg, Nuclear Inst. and Methods in Physics Research B 376 (2016) 8-15.
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Target examples: “'standard” UC, (or other MCx)

6. Examples

The uranium dioxide and graphite powders were mixed
following eq. (1):

U0, 4 6C — UC, + 2C + 2CO,. (1)

The UO, (powder mean grain size < 300pm) was
purchased from CERAC Inc. (Milwaukee, WI, USA) and
graphite (powder mean grain size < 45 pm) from Sigma-
Aldrich. These powders were used as received. Powders
were manually ground and mixed in an agate mortar, in-
side a glove-box (O and HoO < 1ppm), the weight per-
centages of the powders complying with the stochiome-
try of eq. (1) and 2 wt.% of phenolic resin was added
as a binder. After mixing, the powders were placed in a
13 mm diameter mold and were uniaxially cold pressed at
750 MPa. The pressed samples possessed a nominal diame-
ter of 13 mm, 1 mm thickness and a mass of approximately
500 mg. The thermal treatment was performed under high
vacuum (10~4-107°Pa) in a graphite crucible using the
experimental setup described in [8]. The heating schedule
was designed to

1. promote the carbothermal reaction (2°C/min up to
1250°C, 24 h at 1250°C) and

2. sinter the carburized powders (2 °C/min up to 1600 °C,
4h at 1600°C).

Oxide + Carbon (graphite) — Carbide + graphite + CO

Total porosity 30-60 %

Porosity type Mainly open, macro

Specific Surface Area Negligible

Large poﬁ .

10 um §

D. Scarpa, L. Biasetto, S. Corradetti, et al., The European Physical Journal A 47 (2011) 32.
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Going beyond standard: how to

6. Examples
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Target examples: nano UCXx-MWCNTSs

6. Examples

Focus on (among others) nanostructure and long-term stablllty Carbon source
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J.P. Ramos, A. Gottberg, R.S. Augusto, et al., Nuclear Inst. and Methods in Physics Research

B 376 (2016) 81-85. A. Gottberg, Nuclear Inst. and Methods in Physics Research B 376 (2016) 8-15.
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Target examples: nano TiC

6. Examples

Focus on (among others) nanostructure and long-term stability — Carbon source

Nano-Oxide + MWCNTs (or carbon black) — Nano-carbide + Nano-carbon + CO

J.P. Ramos, A.M.R. Senos, T. Stora, et al., Journal of the European Ceramic Society 37 (2017) 3899-3908.
J.P. Ramos, T. Stora, A.M.R. Senos, et al., Journal of the European Ceramic Society 38 (2018) 4882-4891.
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Target examples: nano CaO

6. Examples

Focus on (among others) nanostructure and long-term stability — Thermal process

3.0E7

* tr tf ts Yobs
CaCO; — Ca0 + CO, #! (ms) | (ms) | (ms) | (ions/uC)
2 5E7 - / #469-5h 78 | 396 | 1905 | 3.5E+07
_ v e #469 - 83 h 89 | 340 | 1897 | 3.7E+07
In order to obtain nanometric CaO powder, a CaCOj; "0 208 | 1429 | 9.5E+06
powder (Alfa Aesar, Germany) precursor with an average g 2.0E7 1 52| 806 | 2.0E+06
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J.P. Ramos, A. Gottberg, T.M. Mendonga, et al., Nuclear Inst. and Methods in Physics Research J.P. Ramos, C.M. Fernandes, T.Stora, et al., Ceramics
B 320 (2014) 83-88. International 41 (2015) 8093-8099.
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Target examples: UCx fibers

6. Examples

Focus on (among others) nanostructure and Iong term stablllty Production technique
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Target examples: porous UCx

6. Examples

Table 2

Summary of the carburized samples with the different quantitative variables used. P3s, P2oo, P3000, P1o0oo and P3go00 represent the percentages of open porosity on the
diameter pores 0.035 pum, 0.2 pum, 3 um, 10 pm and 30 pum, respectively.

Focus on (among others) porosity optimization - grinding

XRD" BET SEM He Pycnometry Hg Porosimetry
Phase and proportion Crystallite size (nm, UCx Grain  UCx Aggregate  Porosity (%, *+ 1%) Open pore size distribution (%)
(%, = 1%) +5nm) size (nm)"~  size (um)
uc UG, C uc UG, Open Close Pas  Paso  Paoo  Pioooo  Paoooo
No.1 UO, ground + CNT CP 3 88 9 59 87 118 15 78 7 22 10 10 0 58
No.2 UO, ground + CNT DP 5 86 9 39 114 100 0.5 68 12 34 32 34 0 0
No.3 UO, ground + graphene 4 88 8 51 129 1200 18 49 3 2 56 0 19
GP
No.4 OXA + graphite CP 4 87 9 55 160 820 23 55 5 2 12 86 0 0
No.5 OXA ground + CNT DP 13 78 9 40 127 94 0.6 70 15 24 29 47 0 0
No.6 OXA + CNT DP 7 84 9 65 149 82 3.2 74 14 17 17 66 0 0
No.7 PARRNe BP894 5 86 9 102 165 906 31 41 5 4 14 82 0 0
No.8 PARRNe BP897 CP 5 87 8 38 145 972 65 51 5 2 8 46 44 0
No.9 PARRNe BP897 CP 12d 5 87 8 46 144 914 56 49 8 2 5 49 44 0
No.10 UO, ground + CNT CP 3 88 9 48 86 100 71 72 13 19 13 10 0 58
12d
No.11 UO; ground + CNTDP 5 86 9 42 110 9 0.5 64 17 30 33 37 0 0
12d
No.12 UO, ground + graphene 4 88 8 43 135 1412 14 48 4 3 17 65 0 15
GP 12d
No.13 U0, 5 90 5 57 119 104 0.6 64 8 29 z 35 0 9
ground + CNT-5mol DP
No.14 UO, 4 84 12 40 102 92 0.2 69 15 33 30 0 0
ground + CNT-7 mol DP
Standard deviation 2 3 1 16 24 484 26 11 4 12 10 2 15 20

* For all the samples, the agreement factors were in the ranges: 11.6% < R,, < 14.8%, 5.8% < Reyp < 7.3%, 1.9 < v < 23.

** Error bar of SSA measurements is 5%.

J. Guillot, S. Tusseau-Nenez, B. Roussiere, et al., Nuclear Inst. and Methods in Physics Research B 433 (2018) 60-68.
J. Guillot, B. Roussiére, S. Tusseau-Nenez, et al., Nuclear Inst. and Methods in Physics Research B 440 (2019) 1-10.
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Target examples: macroporous LaCx

6. Examples

Focus on (among others) porosity optimization — Sacrificial fillers

5 o e e F " N
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’ Eacbed By S, £ %5 2 234 727 319% 3453
- s o . = . ‘ 8 22- % Blank 1 % 8.93 53.43 64.83
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Grinding : o ol o * Blank b)
S . : : 20 21 22 23 24 25 26 27 28 29 30 0] % .
o L i Theoretical weight loss (%) e N
e E | L4
5.56 wt5% PP (RS Fibers allow to obtain similar T g oo m
Pressing s permeability but with lower vol% of . 1 | & N
= filler (lower total porosity) with 1 s s e wn
SRR s 1omm =
respect to PMMA spheres 0.1 e
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Heat treatment(s) : Total T Brank 0
T porosity 5 5 K" .
.o o o o Q
Optimization of properties by: “ 2
457 Lot
* Choice of carbon/metal precursors " ’ o e
. . . 5.3 21.5 55.3 : L :;z :::;9‘ :::?;
* Quantity and type of sacrificial fillers % T ea
9.4 60.6 74.0 301, ; ’ . e
* Heat treatment parameters S n , _ S
S. Corradetti, L. Biasetto, M.D.M. Innocentini et al., Ceramics International 42 (2016) 17764-17772. ekmaction, fj;(vols)
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Target examples: micro-mesoporous TiC

6. Examples

Focus on (among others) porosity optimization — Sol-gel
Ti alkoxide sol

3 days 120 °C 1450 °C Ar

open flask vacuum 900 MPa
" -

1750 °C
vacuum

Pressing

Heat treatment(s)

Optimization of properties by:

, o TiiP + ph. resin — TiC + 2C TiiP + sucrose — TiC + 2C
e Choice of initial reagents
Total porosity 65 % Total porosity 65 %
¢ Temperature' pH of each Porosity type Mostly open, meso (<50 nm) Porosity type Totally open, micro (<2 nm)
prOd uction phase Specific Surface Area Very high (530 m2/g) Specific Surface Area Very high (650 m2/g)

* Heat treatments parameters
A. Zanini, S. Corradetti, S.M. Carturan, et al., Microporous and Mesoporous Materials 337 (2022) 111917.
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Target examples: additive manifactured TiC

6. Examples

Focus on (among others) porosity optimization — Production technology

i

Shear stress (Pa)
8
o

Shear viscosity (Pa s

T T
107 10° 10’ 10°
Shear rate (s)

T T T T T T T
0 10 20 30 40 50 60 70 80

Shear rate (s™) A. Breda, A. Zanini, A. Campagnolo, et al., Ceramics International 49 (2023) 31666—-31678.
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Target examples: cast UCx

6. Examples

o
o O
S £
2%
>

> E
. X
a o
s

Focus on (among others) thermal stability — Production technology

Synthesis of UC, ] Target conditioning
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on glass on graphite container ©
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0.5 600
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M. Cervantes, P. Fouquet-Métivier, P. Kunz, et al., Nuclear Instruments and Methods in Physics Research B 463 (2020) 367-370.
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Target examples: thermally improved UCx

6. Examples

Focus on (among others) thermal stability — Carbon sources

Use of graphene as a carbon source: Thermal conductivity UCx

° Improvement Of thermal properties m UCx-graphite Biasetto et al. 2018 S.R. e UCx-graphene Biasetto et al. 2018 S.R.
10

* No effect on reactivity and reaction completion

Vo]

3
~
ThO, + 6C > ThC, + 2C + 2CO A .
>
.E 6 . ° ® e -
e ° °
g 5 o ¢ o0 °® oL@ ¢ u
o |
S 4 g n = =
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Target examples: mechanically improved SiC

6. Examples

Focus on (among others) structural stability — Production technology
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...now, what about chemistry?

Table 2. Sc radionuclide release from target materials used at ISOLDE

Target Material

Operated Temperature, °C

Release Conditions

"2t i metallic foils

W surface ion source.
Fluorination with CFy. Only Sc™
>1600 and ScF™ observed and target
molten after mass
separation [36].

Slow release that did not

MatTiC (1-50 pm) 1900 increase b}(/j {:]ui)zrér;atlon with
4 .
2300 No Sc released [31].

" TiC-CNT (nanometric) 1500 No Sc released. [20]. :
natTiC-CB (nanometric) 1500-1740 Re surfarztiesaoszgcetzlgllo Sewas
naty powder 1800 No Sc released [31].

Slow release that did not
1900 increase by fluorination with
28].
natyC (1-50 pwm) CF4 [26]
No Sc released. Higher other
2300 radionuclide release rates than

from "*TiC [31].

Solutions are being
developed (e.g. molecular
beams), see next talks

E. Mamis, C. Duchemin, V. Berlin, et al., Pharmaceuticals 17 (2024) 390.
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Thank you!
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