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Highly transparent vacuum
chambers

In high energy physics detectors,

transparent vacuum systems are

required to:

* Reduce the interaction of
particles with the matter,

* Reduce the activation of the
materials,

* Reduce the background to the
experiments.
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Highly transparent vacuum
chambers

Main requirements are:
« Vacuum compatibility (leak tightness, low outgassing and permeation),

« Temperature resistance (in the range 230 C)
* Mechanical stiffness and strength

/ thickness of the chamber

Atomic weight

radiation length /
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Transparency of the chamber is defined as: —
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Present solutions for transparent vacuum chambers

Beryllium

Beryllium is used for vacuum chambers in the experimental area due to its transparency and

stiffness. : - l

Range of geometry: L l
Thickness: 0.8 mm to 2.6 mm ‘ -~

Diameter: 34.4 to 260 mm
Length: upto 7.3 m

Main drawbacks:
Brittle
Toxicity
A few suppliers, cost

Technical difficulties:
«  Material porosity thin walled vacuum chambers
(0.8 mm);

T e
«  Welding: cracks in welded joints "
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Present solutions for transparent vacuum chambers

Aluminum alloys

Two grades are used for our applications:

« 2219 for the vacuum chambers, thickness down to 1 mm

» 5083 for the bellows expansion joints, thickness 0.3 mm,
internal diameter ~ 60 mm

— - s

| 4 w

Issues: welds, deformation after bake out Aluminium bellows

D142BX1-2

Porosities

MAd ArmMs\/Mm ™
Porosities in EB welds between 2219 and 5083 for a bellows
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LHC transparent vacuum chambers
Characteristics: pre-LS1, (post-LS1), (post-LS2)

ATLAS CMmS LHCb ALICE
Type

Materials Be/Al Be/st.st (Be/Al) Be/Al Be/st.st (Be/Al)
Length (m) 7.3 6.2 1.85 4.82 (5.50)

£ int. dia (mm) 58 (47) 58 (43.4) 50-260 58 (34.4)

8 Wall (mm) 0.8 0.8 1.0 0.8
Configuration Cyl Cone/Cyl/Cone Cone Cyl

(UX85/3) (Cone/cyl/cone)

Materials St.st (Al) St.st (Al) Be Cu/St St

- Length (m) 4.2-5.35 1.65-7.6 3.7-6.05 5.0-6.9

g Int. dia (mm) 60-120 55.1-318 50-260 60-506

LCE Wall (mm) 1-2.2 1.2-2.8 1.0-2.6 1.5-2.8
Configuration Cyl Cone/cyl cone Cyl/cone

CERN
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Present solutions for transparent vacuum chambers

Supporting system

Aluminium to beryllium collar

......

PBI (Celazole) interface pieces Stainless steel to titanium Stainless steel to CFRE or

All polymeric materials have been tested and qualified under radioactive environment.

CERN

\w Vacuum, Surfaces & Coatings Group

>~\  Technology Department 20 November 2013 C. Garion



\

Transparency Is related to:

N/

+1
22.989770
0.000187%

! 854678

13290545

HeEEes

8

8
18
2

Beryllium

9.012182
2 33xm‘“%

24,3050
0.00350%

C |luum

Ca

oo
0.000199%
Strontium

iSry,
$7.62
7.7x10"%

Barium

e

777
1382°

727°
Ba_ s
137.327

1226)

3 (11IB)

88.90585
1.51x10 %

2 1389055 |19
1.45%10 %%

Actinium

2 1081°] 2
8AC* 3195
3 ® 18
2 4 2
32
$o@n |§
2

4 (IVB)

Zirconium

5(VB)

Scandium Titanium
2 s41°0 2 . 1668°
gScz, 2836°) ,Slez 3287°
2 43 2 424344 2 42434445
44.955910 47.867 50.9415
1.12x107% | 7.8x10 % 9.6x10 7%

91.224 92 90638

17849 |11 1809470

6.75%10"'%

[¢

Molybdenum

sCl’

chambers

Material choice

At.Weight
| Q Abundance%

Melting Point (°C)

Ox.States

Key to Table

6(VIB) 7 (VIIB) 8 (VIII)

Manganese

2 1246°
sMn,, 2051
3 25

hr umimn

S

.7‘3‘0 2 2434447
51.9961 54.938049
0.000044% 0.000031%

T'echnetium
5

9 (VII) 10 (VIII)

Nickel

Cobalt

1495° 20 ye 1455

yy 2927° ‘: Nlu 2913° s

+243 2 s43 i
58.933200 58.6934

102.90550 | ©
1.12x10 "%

10107 |'

Boiling Point (°
l~— Ciritical Point (°C)

4344 244 2 +143 32
192217 |'5 195078 |'} 19696655 ‘§
6.1x10"°%

C)

11 (IB)

12 (1IB

Copper AL
1084.62°] 2 419.53°)
Cu 2562° san 907°
»w 2 42
63.546 65.39
1.70x10 % | 4.11x10%

Cadmium

Boron
b

Aluminum
6

2
3

26.981538

Gallium

3 a3
69.723
1.23x10 7%

2 43
% 2043833
6.0x10"°%

660.32°
xAl” 25197
¥ |

0.000277% |

13 (I11A) JTTP

Carbon

1.03x10 %%

18

15 (VA)

Nitrogen Oxygen

Pis i i Sie s
+345-3 +446-2
30.973761 2.
0.000034%

6 44462

78.96
2.03x10 7%

{ Lanthanides |}

I Actinides

i114,,,

1
u

[289]

4345
% 20898038
4.7x10"%
|§ l 16"6
2
3 [289]

Cerium ase : ams adoli Iulmlm Erbium Thulium Ytterbium S

2 2 93 2 121°f 2 1042°f 2 1074° 2 822° 1 2 1 2 1474° 2 1529°] 2 1545° 2 819° 1
Ce 3443°) lx;Prs, 3520° ,';Ndsn 3074' lgl:'m‘SI 3000° IgSmu 1794 |§Eu,, 1596° |§Gd“ 3273°) ]:Tb sz I:Dy“ 2567° &HOM 2700°) ‘gEr“ 2%k>rl=me 1950°" I:me 11967 It;Lu” 3402°)

19 4344 2l 2 g 23 43 24 243 25 4243 25 43 27 28 43 29 43 30 43 31 43 2 249 2 a3

3 140116 | % 14090765 [ 3 14424 | % (45 |3 15036 |3 151964 |5 15725 |3 158.92534 § 16250 |5 16493032 [ 3 16726 | % 16893421 [ § 17304 | 3 174.967
3.70x107% | " 5.44x10"%%| " 2.70x10 %% 8.42x107%% | ~ 3.17x10"% |  1.076x10 %] ~ 1.97x10"%%| "~ 1.286x107%| " 2.90x10™%| ~ 8.18x10™'% | " 1.23x10™%% | " 8.08x10"%% | 1.197x10""%]
Thorium 1 Neptunium __ Plutonium Americium Berkelium Fermium _ Mendelevium _ Nobelium

2 17: 2 1572°] 2 n3se 2 2 640°] 2 6°| 2 1345°) 2 10 2 2 1527 2 27r) 2 2r| 2 1627°

Th,, ws| 5Pa,, 3 U, | iNpy, Puy, snv| sAm, A iCm,, | 5Bk, 1§Cf98 $Esy 3Fm,, | sMd,,, | sNo,,, | iLr,,

2 3(1‘ +5+4 ‘? 43044546 (32 43444546 gi +344+546 1% 43444546 3§ +3 33 344 5‘-" +3 Jg +3 ;3 “3 g; 4243 {g 4243 §2 3

H 2320381 1% 23103588 |% 238, 0289 Z @ |3 4 |3 e (3 R (3 24m (B @su |R 0 Rs2) 2571 %% s81 [ 59 |3 (262

2 1.09x107%| 2 " 2.94x10”" 2 2 2 2 2 2 12 2 2

Vacuum, Surfaces & Coatings Group
Technology Department

Xolcm]~

1

pZ(Z + Din

20 November 2013

C. Garion

16 (VIA) 17 (VIIA)

llunllm

a -
18.9984032
2.7x10 %%

ew material development for transparent vacuum

18 (VIIIA)

0
20.1797
0.0112%

Argon

189.35°
8 Ar, §7185.85°
122289

19!)48
0.000329%

Krypton

8 Xe 10504
1877 54 g sge
18 0




New material development for transparent vacuum

chambers — Figures of merit

Several figures of merit, characterizing the material, can be used depending on
the final application.

« Temperature rise in transient regime: Xo.p.C. T
_ Xo.p.C.o
Thermal fatigue: 0:-P-~-%
E.a
« Temperature rise in steady state: Xo. A\ Tr

- Mechanical Stability (buckling): X E /3

CERN
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New material development for transparent vacuum

CERN

\

N4

chambers

Figure of merit for thin vacuum chambers

Radiation length [cm] Young Modulus XOE/3
[Gpa]

Beryllium

Epoxy

CFRE

Carbon

Carbon/Al (60/40)
SiC

Al203

AlLi

Al

Ti

316L

Technology Department

30-36

30 ~ 200 175
29 35 (GC) 95
17 120 (short fibers, randomly oriented) 84

8 450 61.3
7 390 51
10-11 78 43

9 70 37
3.7 113 18
1.8 200 10.5
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New material development for transparent vacuum

chambers

Figure of merit of different materials, normalized w.r.t. beryllium

B Thermal fatigue ™ Temperature rise (steady state) = Temperature rise (dynamic) ™ Transparency

0.8
0.6
0.4
0.2
o _ . nim _ - .
Beryllium  Glassy  Aluminium  Titanium 316L SiC Copper /sic AlBaMet  AlBeMet
Carbon 162 140
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New material development for transparent vacuum

chambers

Low Z material for beam pipe

Raw material Composite material Structural composite
« Carbon (Glassy ~ Carbon Matrix: « C/C + liner
carbon) reinforcement: |« Aluminium « Sandwich/
« Al alloys * long fibers * Epoxy + Honeycomb
. SiC . short fibers coating composite
* particulates wsE

As a back-up solution and for A A I
very thin chamber C/C tube and titanium tube set-up
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New material development for transparent vacuum

chambers — Structural composite

© Good vacuum performance: o/ i et
Outgassing rate ~ 10-12 mbar.l.s-1.cm-2 after bakeout [ G . :
Compatible with NEG coating .
Activation 200 -C Activation 250 W
for 24h oC for 6h A
H, Pumping N
Speed [I/s] 310 — GENAN ‘
Sticking 3 i TN e
e 5.9%103 1*102 - =
probability [-] Internal C/C tube

Pumping speed with NEG coating

@ Issue with the mechanical behaviour:
Differential thermal expansion = buckling of the thin aluminium envelop

Strain
concentration

- Need to have significant envelop thickness
—> Either not reliable or not interesting

Buckling mode of long tube

CERN

\/N Vacuum, Surfaces & Coatings Group

>~\  Technology Department 20 November 2013 C. Garion



New material development for transparent vacuum

chambers — Carbon fiber reinforced aluminum

Material obtained by aluminium infiltration of a carbon perform.
Tests on samples from Thales Alenia Space and Dresden University.

0.0001 ————

Tube and plates of long carbon fibres in aluminium matrix

Outgassing (mbar.lis)

© Vacuum tests :
Leak tightness
Preliminary outgassing tests promising for unbaked sample

© Reliability with thermal cycles not assessed -
© Compatibility C/Al: corrosion, cleaning e 1

10 100

Time (h)

® Material not available at the industrial scale. Outgassing of C/Al composite (4.25 cm?)

-> Tentative to find company to try short carbon fibers or graphen in aluminium matrix:
not successful (yet).

CERN
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New material development for transparent vacuum

chambers — Carbon fiber reinforced epoxy + coating

Long carbon fibres reinforced epoxy resin
Aluminium sputtering coating (up to ~500 nm), Defects

Surface observations
Long carbon fibre epoxy resin with metallic coating

® Vacuum tests not successful due to pin holes

- Try to coat in several steps with intermediate cleaning
—> Other coating process (ionic liquid)
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New material development for transparent vacuum

chambers — Aluminum alloys

New grades with Lithium being qualified: 2050, 2195:

© Transparency -]

© Stiffness e | o

© Weld ability -] b

© Promising strength N -—-\\ o
200 [ —

100 4 . —

BO50 2105 T186 AMCESD rnaterial type

Strength of different aluminium alloys

Thin walled manufacturing:
« Conventional machining
* Chemical machining

—> Are grades in 5XXX series with Lithium available?
—> Tests on ultra fine grain aluminium alloys in the near future
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New material development for transparent vacuum

chambers — SIC

Carbon-fiber reinforced silicon carbide or silicon carbide ceramic are considered:

SiC plate sample

Preliminary results:

© SiC and C/SiC are both leak tight

© Low outgassing rate for unbaked SiC
© Higher outgassing for C/SiC

- C/SiC improvement?
- Vacuum tests for baked samples
- Manufacturing of thin wall

CE/RW
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New material development for transparent vacuum

chambers — Glassy carbon

Glassy carbon (GC):
Obtained by the pyrolysis at high temperature of a highly reticulated resin.

« Two grades have been considered. Grade K is obtained after a heat treatment at 1000 °C
whereas 3000 °C is used for the grade G.

« Chemical analyses have been done by EDS. The material is composed of around 98 % (weight)
of carbon and 2% of oxygen.

Glassy carbon tube
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Mechanical properties:

C

\

New material development for transparent vacuum

chambers — Glassy carbon

B

,4“" : E .35 E
j .Qfx o ':, = g - I
Stiffness: C—/,E'; y o § 5 mg
* 4 points bending tests on plates : Z,
equped with strain gaf"ges 4 points bending test on plates o .
A o
ratio Coefficient Strain [10°]
| Grade G | 32. 4 +0 8 0.155 ' _ ,
325+1] 0.17 Elastic properties

[SE =1
ool w e

(=]
-

Strength:

* 4 points bending tests on bars
(avoid chips during cutting)

« Compression tests

«  Weibull's distribution

Survival probability
= - - T
[ I I T

o
=

o

o 500 1000 1500 200
Flexural load [M]

Survival probability for the bending test

Average strength Standard deV|at|on Weibull scale parameter
MPa Weibull shape parameter Mpa

4 points bending test on rods

Flexure 5.6-6.3 375-416
1012 73 13.5-14.6 1587-1644
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New material development for transparent vacuum

chambers — Glassy carbon

Fracture toughness:

* Notched bar under 4 points bending test:

Notched bar

Sample Groove depth | Forceto fallure Bending stress
mm MPa

0.04 697 123
0.023 973 172 6.3
0.049 964 170 13.1

« CT specimen: test in preparation

CT specimen and crack propagation simulation
- Two methods will be used to determine the toughness: Maximum force for a given stress intensity
factor or load decrease during crack propagation.
- Crack growth test is also foreseen

CERN
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New material development for transparent vacuum

chambers — Glassy carbon

CusilABA inteface layer

Transition to metallic parts:

Soldering with intermediate ceramic part:
« Compatible thermal expansion
« Higher mechanical strength

Glassy carbon Ceramic

Preliminary tests on crucible:

* No failure
« Initial gaps to be adjusted to have a good flow of the
solder

GC crucible soldered with a copper ring

CERN
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New material development for transparent vacuum

chambers — Glassy carbon

Outgassing rate: ) \ )

. TT—
Unbaked material: : N S
«  Throughput method :
- Grade K : high outgassing i >
« Grade G : low outgassing : N
- I

Tissos [h]

Outgassing curve of unbaked glassy carbon
1E-DE

mis
N
LEa7 « 2B

a4

-
=]
=

Baked material:
* Gas accumulation method
« Grade G : outgassing rate of 1.5E-13 mbar | st cm2

Gas guantity [mbar]
[
&
2

=
=
=]

1E-12
1E+4 LEHIS LE+06
Accumulation time [5]

Outgassing of baked glassy carbon

CERN
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New material development for transparent vacuum

chambers — Glassy carbon

Possibility to improvement the material properties:

Reinforcement with carbon nanotubes:
 mechanical properties 1
« thermal conductivity 1 o

W Thermal fatigue B Temperature rise (steady state] B Temperature rise (dynamic) 8 Transparency
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Highly transparent vacuum chambers

Conclusion

Highly transparent vacuum chambers are required in high energy physics domain.
Beryllium and aluminium are two materials presently used for vacuum chambers.

Materials, alternative to beryllium, are studied for transparent vacuum chambers
and require some studies and development:
* Aluminium characterisation and thin wall manufacturing
« Coating of polymer or composites
« SIC characterisation
« Glassy carbon gualification and tests, if available, reinforcement with
carbon nanotubes for structural applications

Thanks for your attention

CERN
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