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MOTIVATIONS




Current Technology

1 2
P=§jrs*H ds

Non-homogeneous dissipation

Cryogenic cost reduction
No welding.

Niobium

> Material :

> Fabrication : Mecanics-welded -

» Cooling : Liquid He bath

IRFU/DACM Thin film workhop 2024

Objective

He >
» Materials : Copper (substrat) +

superconducting film (Nb, Nb;Sn,
MgB,...)

Superconductmg
film
(1-5 microns)

» Fabrication : additive
manufacturing + thin film
deposition

» Cooling : Liquid He / cryocoolers

Page 3



C2A CONTEXTE

» European strategy for particle accelerator: Yellow report CERN — RF/cavities.

» Lower cost and environnemental footprint:

= Material ( Al, Fe, Mg, Si...): lower quantities of Cu, Nb, Sn...(thin films)
= Helium consomption: use only necessary quantities in closed loop.
= Chemistry: less toxic and costly chemicals.

» Technical challenges for 3D printing:
= High vacuum (leak tests).
= Surface roughness.

= Thermal conductivity.
= What cooling strategy?
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ADDITIVE MANUFACTURING




C2A LASER SELECTIVE MELTING (SLM)

Freedom of design with additive manufacturing

SLM Principle

. Scanner system sc:;?r: COFIdUCtIVIté COI’ldUCtIVIté
4 peind thermique a thermique a 4K
e nl - 293K (W/m/K) | (W/m/K)
| Sintered reen state.
e T et wansg |
deli powaer “’ ; ’ .
syl J e e ttmanans CUIVIE 380 183
o ‘. e : ! (RRR =30)
Bl Niobium 60 40
~ (RRR = 200)
Aluminium 220 110
(RRR = 30)
Unsintered material
in previous layers
- L 316L 12 <1
Powder delivery piston Fabrication piston
TIAIBV 7 <1

Known problem of Copper SLM
» Bad energy absorption by the powder (A = 1070nm)

» High thermal conductivity that dissipate rapidly the energy
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C2A SLM PROCESS OPTIMIZATION— DENSITY

> Process parameters:

P: Puissance v : Vitesse t: Epaisseur de h :Ecart

E : Densité Principal paramétre :
Laser laser couche vecteur d’énergie Densité
(W) (mmy/s) (Lm) (um) (I/mm~3) % F = P
175 700 30 60 139 ~85% - i
vth
175 250 30 70 333 ~95%
Comparaison porosités
» alloys CuCrZr, CuSn 0.0%
. . 8,0% oo *
« Hands on experience with SLM | 70« .,
of metals. S oow ||+ Cusntz ’ ’
« CuCrZr density ~ 94% ooy Losucrzr
. itv ~ (o) 2,0% o o,
CusSn denSIty 99% ;g; *e® & e ® i samples CuCrZr
Plateforme Samantha (CEA-DES) o 100 200 300 w0 | | optimisation densité
Red La.ser (1070 nm) Densité d’énergie (J/mm?) CNSLETTNR =

» Cu pur: SLM, 485 W, 600 mm/s, powder Cu-OFE — 30 microns
Densité > 99,5 %

» Alliage Al 205: FLLP, 300 W, 1350 mm/s
powder Al 205 (1,5% de TiB, + Cu 4,6%) — 45 microns —
Densité > 99,5 %

Plateforme UTBM fa Ny \RUER
Laser vert (515 nm) samples A205

optimisation densité
IRFU/DACM Thin film workhop 2024
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Feasibility studies of complex shapes
(internal lattices)

DETECTEUR SUPRATECH :

Test UHV

» Machining CF 40 flanges.
» Leaks for a density of 94 % - wall thickness: 2mm

» Cu pur, Al 205 densité > 99,5% no leak between all
volumes/walls and under prolonged He exposure
(1/2 hrs).

Pur Cu 3,9GHz cavity
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» Test different construction strategies for a cavity (3,9 GHz) - CuCrZr
Echelle 1

e Echelle 1/2 | N

= Critical angle 30° (45° OKk)

= FLLP optimised for a support free build up

= CuCrZr (CEA-platforme Samantha)

FLLP strategy, with (left) et without (right) supports

> Application to a« real » cavity. OK .

Cavité 3,9 GHz without supports

= Tomography Digitéo-Saclay.
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C2A FLLP BUILD UP STRATEGIES - SUPPORTS

» Test different construction stratégies for a cavity (3,9 GHz) — Cu pur et Al 205

= Failure upon apply the strategies to pur Cu at UTBM (or Al 205) with 515 nm laser.

= Support Optimization inside the cavity Tomography

Volume 2= Cylinder 1 alignment sy/ste{ 18805, N

0.35 mm

| Ko “/25 mm
Volume 2 = Cylinder 1 alignment system

-20.72 mm

Tries for a 30° cone Selected Supports

= Very little impact on the internal wall surface.
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» Lower surface roughness (futur films): Electropolishing — Goal: roughness ~ 1 pm

60,00

50,00

40,00

30,00

10,00

49,81

20,00 [~ 18,00

Eau 20% + Butanol 30% + Phosphorique
50%

5,00 10,00 15,00
Temps d'électropolissage (h)

Rugosité (um) % Masse (g)
W
(%]

1,38
20,00

wiplbmdrten

A Mg

Générateur

~  Membrane
Anese

Cathade

Almant

_I— Agitateur Magnitique

» 0Ongoing tests on Cu tubes and cavities

IRFU/DACM

Thin film workhop 2024

Sande de tempdate

= Internship:
Optimisation of EP comp.
speed:

water (20%)

+ Buthanol (30%)

+ Phosphoric acid (50%)

CuCrZr et Cu pur

= Confocal microscope

roughness measurements
at IJCLab.
= Final roughness ~ 1,4 um.
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C2A POST-TREATMENT : ELECTROPOLISHING

* Rough surface with partially melted o
particles ;

100 pirn EHT = 10.00 kV SrgnaIA ssz o.e zrmyzazv ZEISS
| i WD= 3.3mm Photo No. = 42 Time: 15:11:17

As made 12,9 186
After EP density 99.9% 1.4

After EP density 95% 3,9 62
After EP density 85% 16 163

Higher material density lead to smoother surfaces
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C2A RF TEST AT ROOM TEMPERATURE

> Conceptlon type XFEL G 312.83 Ohm, f, = 3,8962 GHz

Surface: Magnetic flux density norm { %1078 Surface: Electric field norm (v/m) wig0?

= Roughness -> increase the effective surface if A <
: characteristic grain size ( ~ 30 um)

-]

2.5

01 002 003 0 01 002 003 C

(mQ) G Ry?

Cu+US 3,9904 9200-35000 34-85 46-28 135-33 5T o P T A
Cu+légerEP 3,999 13 000 24 23 9.5 1= P
Al 205 + Alcool  4,0018 6500 48-12 92-57  36-4,7 Rs

" Pey = 2,5 HQ.cm at 300K (ref ~ 1,6 pQ.cm)
= Initial surface state -> G~ G/4; after light EP G ...~ G/2,85
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CRYOGENIC TESTS




= Two pairs of tubes wrapped around the cavity Double wall reservoir with lattices
5° minimum Angle for He flow.

» For Pur Cu
RRR =77
Thermal conductivity at 6,9K: 835 W/m.K (RRR = 80)

IRFU/DACM Thin film workhop 2024 Page 15



C2A CRYOGENIC TESTS — PUR CuU

> First closed loop cryogenic test on a « lattice » 3,9 GHz cavity.

» VCR connectors brazed on Cu.

= Tests at 4,2 and 4,5 K. Cryocooler power: 1,1 W and 1,5 W-
cold head (reservoir).

- = Closed gravity circulation loop with vapor recondensation.

» Thermal insulation around the cavity + cold head.

= P=1Barat4,2Ketl,3barat4,5K.

= Static vacuum (5.10°7 mbar) during cryogenic test.

» Heater simulate the RF power.

- = Cernox: T1 et T3 before and after the cavity, T2 inside the cavity.

IRFU/DACM Thin film workhop 2024 Page 16



@%% CRYOGENIC TESTS — PURrR Cu

» Two power regimes delivered to the cavity:

continuous mode Pulsed mode
407 - 35
10 H ]
! —40.6 130
N _
—40.5 10_: s
¥ 6 Jo. g 1 —_
E ] o/ 172 < —T1 {202
> o E ] — T2 e
44 4035 — 1 1 o
] ] e} < —T3 15 nl_
). ~02 1
] 1.0
—0.1 ]
0 . 1 o 0.5
0 ‘ 5(|)0 ‘ 10|00 ' 15|00 - 20|00 ' 25|C|0 I 30|00 ' 35|00 4000. N n ]
Time (5) 0.1 4 l T T T T T T T ! T T T T T 0.0
} 0 20 40 60 80 100 120 140
1.6—! Qtube = OW Time (s)
4 R 42K
2] . B = Continuous: equilibrium of temperatures.
S t=408 s, P =0.15, 0.3, 0.44, 0.6, 0.75 W.
=07 ] . Limitation: power of the cryocooler.
" = Pulsed: Out of equilibrium-8-15 s, 1.5, 3, 4.5, 6 W.
" ) = AT =T.- 4,2 K (or 4,5K)
0.2 - .
0.0 ‘

- T T T T T T T T T 1
00 01 02 03 04 05 06 07 08 09 10
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C2A CRYOGENIC TESTS — PUR CuU

» Measurements summary:

P [W] P [W]
0 1 2 3 4 5 6 0 1 2 3 4 5 6 7
] | J | ) ! ) ! \ T T T T T T T T !
2 10000
100004 pulsé . |~ pulsé H
i (57 == & Pl L= it S
= Nb 12 45K Nb
10004 O 4.2 K 10004 & 3
I @ ] ©
2 100=j ————————————————————————————————————— | PR %' 100 SR -~~~ ===~ == == === --m-m-m-mmm oo —oooooooooooo-
£ 3 s [ ]
= : = . !
< . ’ < 1
10 - e a 10 4 a
1 Joul g 1 = T
B 1 [ ] o T2
{emA = T1 E A T3
1 3 .A e T2 1 E
] A T3 ]
1a
01 N T T T T T T T T T T 1 01 T T T I T T T T T T T T T I
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000 14000
P (W/m?) P (W/m?)

= acceptable AT (?) < 0,1 K-> 4-5W in pulsed mode with P, ~1,1W a 4,2K
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CZ2A THERMAL NUMERICAL SIMULATIONS

» COMSOL on a « lattice » cavity

P [W]
0 1 2 3 4 5
] T T T T T T T T T T T
10000 3 ®
— . . O = -
€ 100+ - . 6 . Influence of the lattice on AT.
o : = s = External radiative heat source: 0.1 W/m?
< 4 o
1047 o ° e T2 # lattice Exchange AT2 [mK]
1 o° s O h=500 COMSOL surface gain
le [%0]
13 0 0 69,16
850 (17x50) 32 61,7
' h heat transfer coeff|C|ent Cu He
0.1 . . 1785 (17x105) 50 70,7
0 2000 4000 6000 8000 10000 12000
4250 (17x250) 70 105,85

P (W/m2)

P=0.7415W t=10s

» h=500 W/(m?.K). simulation over estimate the AT.
» Number of lattices: volume available for LHe decreases.
» Adding thermal shields to the cavity structure.
IRFU/DACM Page 19



0 1 2 3 4 5 6 0 1 2 3 4 5 6
] T T T T T T T T T T 1 ' T T T T T T T T T T 1
10000 A 5000 1m
i <
4 NE
1000 - 4.2K S 4000 -
] e
v l c
€ 1004 a H 8 s004m
N ] o s - o T2 5 —
< 10 o o h=20 S 5000 - =
A 2 oo
] o =
] O m
1 O h=2500 & . .
13 O h=5000 3
h = coefficient d’échange Cu-He
01 T T T T T T 1 0 T ] T T T T T T T T T - 1
0 20'00 40'00 60'00 SOIOO 10600 12600 0 2000 4000 6000 8000 10000 12000

P (W/m2) P [W/m?]

» Cu-He exchange coefficient h decreases as P increases
-> effective exchange surface decreases (vapor surfaces increases — roughness?)

IRFU/DACM Page 20



C2A  CONCLUSIONS & PERSPECTIVES

Conclusion:

» Material choice: Cu pur ou Al 205

» FLLP parameters: maximal desnity + internal supports

» Surface roughness: « simple » approach, less toxic acid, roughness ~1.3-1.4 um.
» Good quality Cu (RRR~ 80)

» Leak tests conclusive.

» Successfull cryogenic tests.

Perspectives:

» Cryogenic tests (RRR and Cryo loop) on Al205.

» RF tests with cryocoolers. Funding PACIFICS (Equipex — ANR)
» Scale up: 1,3 GHz -> Cold Spray.

» Masterise EP on cavities. Funding PACIFICS (Equipex — ANR)

» HIPIMS deposition (Nb...). Funding PACIFICS (Equipex — ANR)

IRFU/DACM Thin film workhop 2024 Page 21
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COLD SPRAY

» Méthode par projection de poudre sous flux de gaz inerte sur mandrin d’Alliage Al.
= symeétrie de pieces cylindriques (elliptiques).
= + Bcp plus rapide que FLLP.
= + différent matériaux (bride, tube, « films » ~ 500 um) Test fuite piéce Cu (CuC2)
= - moins flexible sur la géométrie (refroidissement). x

vl

Films de Nb

Impact innovation@

= Test fuite Cu < 1011 mbar.l.s?
= Test films de Nb

IRFU/DACM CSTD-Externe 17-11-2022 Page 24



C2A CoLD sPrRAY NB

» Détermination des propriétés du Nb

Resistance [uQ]

600

500

400

300

200

100

0

—— refroidissement
—— rechauffement

y

Resistance [uQ]

0

T T T T T T T T T T T T
25 50 75 100 125 150 175 200 225 250 275 300
Temp. [K]

100 -
80
60 c
—_ K
e o]
(] s Nb
404 & =]
Si
20 .
OA‘
4 k‘a,,
. i e TP S W T g
o Bl o reth Mo i sl e tasnded
0 200 400 600 800 1000 1200 1400 1600 1
Exp Variable 1
IRFU/DACM

30

25 1

nN
o
1

—
o
1

-
o
1

RRR

// * RRR -~ 20
/ - Tc=68+1K

O n ) 1 -I T T T T T T T 1
40 45 50 55 6.0 65 70 75 80 85 90 95 100

Temp. [K]

» Impuretés d’'oxygéne a 3-4%
sous forme de NbOy.
= De Sorbo (70s) : Tc \ 1K/%d'O

600

800 1000 1200 1400 1600 1800
Variable
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C2A FABRICATION D’ECHANTILLONS EN CUCRZR 7@
— e

Densification du cuivre dépend surtout de I'’énergie absorbée=» Limite machine 175W

P: Puissance v : Vitesse t: Epaisseur de h :Ecart E : Densité
Laser laser couche vecteur d’énergie Densité
(W) (mm/s) (um) (um) (I/Imm~"3) %
175 700 30 60 139 ~85%
175 250 30 70 333 ~95%
Principaux parametres :
10% P
9% ° E= ——
8% - vth
1% o ... [} Y
i Résultats :
f% 5% ° o «® o e u .
o e . -
5 4% : » La densité maximale atteinte est
3% @ 30 microns y . 0 .
. d’environ 95%, la puissance laser
2% 40 microns . . :
1% est insuffissante pour obtenir des
0% cordons de fusion stables
0 100 200 300 400 500 600
Densité d’énergie(J/mm3) , ; .,
» L’'augmentation de la densité

d’énergie augmente la densité finale
de la piece
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C2A FABRICATION D’ECHANTILLONS EN CUCRZR

Méthode 1 : Mesure optique Méthode 2 : Pésée hydrostatique
(Archimede) : 95 %

9 positions differentes

pour prises de mesures )
= Les 2 méthodes correspondent

Analyse
d'images

P175W -V 250 mm/s — T 30 um — H 70 um 27
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CT Scanning setup and parameters:

— 450kV

| Detector Voltage, kV 400
> Current, mA 1,75
Filter, mm 4,2 Cu
Detector pixel 2048 x 2048
Projection,- 1440
Dgp, mm 1330
Dgo, mm 970
Voxel size, um 146

High-energy
X-ray source



