CE/RW
\



Vacuum Systems
Lecture 2

V. Baglin

CERN TE-VSC, Geneva

Juas |

Joint Universities Accelerator School

CERN
\w Vacuum, Surfaces & Coatings Group Joint Universities Accelerator School, Archamps, February , 2017

N/

Technology Department




Outline

1. Elements of adsorption/desorption
2. Outgassing

3. Qualification of materials

CERN

\/_w/ Vacuum, Surfaces & Coatings Group Joint Universities Accelerator School, Archamps, February , 2017

>~"\  Technology Department



1. Elements of adsorption/desorption
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Reminder: Pressure in a system

* The Pressure, is the ratio of the flux of molecules in the vacuum vessel to the pumping speed

mbar.l/s

)
L _Q

S

mbar —>

I/s

» S range from 10 to 20 000 I/s

- Q range from 10-1* mbar.l/s for metalic tubes to 10-° — 10 mbar.l/s for plastics

3 orders of magnitude for pumping
VS
10 orders of magnitude for outgassing

Outgassing MUST be optimised to achieve UHV
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Reminder: Mass flow & quantities

* The mass flow can be derived from the ideal gas law

av 1dn _
=P~ wva K=

R=Nk

* It has the unit of [Pa.m3/s] which is equivalent to molecules/s

1 mbar.l 4.35 101° molecules
1 Torr.l 3.27 101° molecules

« Langmuir: 1 L = 10° Torr for 1 s.
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Material for Vacuum Technology

* Metals are used for vacuum chambers building parts:
- Stainless steel, copper, aluminum, beryllium

* Insulating material are used for instrumentation or assembly:
* Minerals:
» Ceramics, glass
* Polymeres (plastics):
- Kapton, PEEK
* Glues
- Elastomeres e,g. Viton,

 During the manufacturing process of these materials, atoms and molecules are sorbed i.e.
adsorbed or absorbed on the material surface or the bulk

» The surface can be very rough and the material highly porous

» Quantities of gas adsorbed / absorbed in materials can be very large:

1 cm? of stainless steel can contain 0.05 — 0.5 mbar.| of hydrogen
« Under vacuum, Nylon can lose 4% of its weight i.e. 5 mbar.| per cm?3
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Pump down of a vessel

» Consider 1 m long, @10 cm stainless steel tube pumped by 30 I/s

* 4 regimes
Volume ~ eat

/

1.E+02
1.E+00
1) Volume pumping E 1.E-02
£
o LE04 Surface ~ 1/t
2) Surface desorption =
) P v 1.E-06 /
o
* 1eos Bulk ~ 1/~t
3) Diffusion from the bulk '
1.E-10 /
4) Permeation trough the 1E-12 - 100 days
wall (solubility+diffusion) 1.E-01 1.E+01 1.E+03 1.E+05 1.E+07 1.E+09 1.E+11 1.E+13 1.E+15

Time (s)
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A schematic description

WVACUUM
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& Pemmeation: Solubility+Diffusion
ATMOSPHERIC PRESSURE

Fig. 1 Surface and bulk phenomena in vacuum.

J De Segovia, Physics of Outgassing, CAS, CERN-99-05
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Adsorption-Desorption

* The process is controlled by the interaction energy between the molecule or atom with the surface

* Depending of the “binding energy” level, two types of adsorption exist

« Weak binding energy:
 Physical adsorption process
» Van der Waals forces
* E: 6-30 kJ/mole or 60-300 meV per particle

« Strong binding energy:
« Chemical adsorption process
* Electron sharing
« E: 30-10000 kJ/mole or 0.3-10 eV per particle

» The surface interaction can be described by Lennard-Jones potentials, E, as a function of the
distance from the surface, r.
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Physisorption
* A molecule, say H,, approaches towards the surface
- The molecule is physisorbed onto the surface at ~ 3 A with a “binding” (adsorption/desorption)
energy of ~ 10 meV (twice the H heat of vaporization)

* Due to the nature of the physisorption process, several monolayers can be physisorbed in this

state
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Non-Dissociative Chemisorption

* Non-dissociative chemisorption: case of CO onto metals

- The molecule is chemisorbed onto the surface at ~ 1.5 A with a “binding” energy of ~ 6 eV
« A maximum of one monolayer can be adsorb on the surface

* The carbon atom is oriented towards the surface

3
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Dissociative Chemisorption

- Dissociative chemisorption: case of H, onto metals

* The molecule is physisorbed on the surface

* If the molecule has enough energy to overcome the activation barrier (E,~0.4 eV), the molecule is
dissociate and the H atoms are chemisorbed (H-H binding energy: E; . ~ 4.5 eV)

- The atoms are chemisorbed onto the surface at ~ 1.5 A with a adsorption energy of ~ 3.7 eV

* A maximum of one monolayer can be adsorbed on the surface

* Activation energy ~ 0.4 eV Fres
= 2H
EDes — EA + Eads //
//
Ediss = Epes + Eqas // D
/
- 28, [/ i
/\ E, H,
® O : N
S ' E Free
= Physically _{ .
s
Surface e ;
c
@
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Conversion between energy units

_-
0.01 1 0.24
0043 42 1
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15t order desorption

* The rate of molecular desorption from a surface is given by:

do _Ep
—E=V13€ [k

- 0, surface coverage, v, frequency of vibration of an adsorbed molecule (102 Hz), E, activation
energy for desorption

* Applicable for physisorbed molecules and non-dissociated chemisorbed molecules

 Solution:
6(t) = Ae~/

1 ED/ ED/
T=—¢ kT:'L'Oe kT
V1
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2"d order desorption

* For dissociatively chemisorbed molecules (H,, N,, O,) on metals

* Collision at surface of atoms is needed before molecular desorption occur
* The rate of molecular desorption from a surface is given by:

do _Ep
- 5= v,0%e [kt

- 8, surface coverage,v,, second order rate desorption constant (102 cm?/s), E, activation energy
for desorption
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TPD or TDS

» The order of desorption and the desorption energy can be evaluated from Temperature
Programmed Desorption or Thermal Desorption Spectroscopy

« Applying a linear change of the temperature sample T = T, + Bt, the desorption rate is maximum
at temperature Tp for:

. _E
- For first order: E _wn o~ /RT,
R sz p P.A. Redhead, Vacuum 12 (1962), 203.
E 6. tialV?2 _E
- For second order: _ ZinitialV2 =%/rT,

RT,> B

 Solving the above equations with 3 and Tp as inputs give the activation energy
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TDS spectra: 15t Order

* The maximum temperature T,.,,, IS independent of the initial surface coverage
* The remaining coverage on the surface is negligible when the pressure is P,,,,10

* The desorption peak is not symmetric

Thermal desorptionspectra:1st order desorption
Heating rate 25 K/s, Binding energy = 1.72 eV
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TDS spectra: 2"d Order

* The maximum temperature is dependent of the initial surface coverage
» The remaining coverage on the surface is negligeable when the pressure is 0.
* The desorption peak is symmetric

Thermal desorptionspectra : 2nd order desorption
Heating rate 25 K/s, Bindingenergy = 1.72eV
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TDS spectra: 3" Order

* The maximum temperature is dependent of the initial surface coverage
* The remaining coverage on the surface is negligible when the pressure is 0.

» The desorption peak is not symmetric and exhibit a tall

Thermal desorptionspectra: 3rd order desorption
Heating rate 25 K/s, Binding energy=1.72eV
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Evaluation of the activation energy

» Measure with several heating rates

 Firstorder F v. _E
-1, /RT,

RT,> B
 Taking natural log and rearranging

p E U1 R
i) = ==+ In (=)
T,* RT, E

» Plot In(B/T,?) vs 1/T, gives a straight line with slope proportional to E

Thermal desorption spectra : 1st order desorption

1 monolayer, Binding energy = 1.72 eV In(Beta/T,2) vs 1/T,

5,0E-01 9,7
Tmax~670 K
45E-01 4 9,8

*

-9,9

4,0E-01 4
Tmax~ 664 K

—P(25K/s) -10

*

3,5E-01
-10,1

3,0E-01 1 15K/s)

10K/s)

{
P

Tmax ~ 658 K — R 102
P( '

In(Beta/Tp?)

2,5E-01 -

-10,3

2,0E-01 Slope =- 19790
Tmax~8650 K 10,4

1,5E-01 4

-10,5

1,0E-01 - -10,6

Desorption rate (monolayers/s)

5,0E-02 -

-10,7 | ‘ ‘ :
0,00149 0,00150 0,00151 0,00152 0,00153 0,00154

1/Tp (k)

0,0E+00

500 550 600 650 700 750 800
Temperature (K)

CERN

\/_w/ Vacuum, Surfaces & Coatings Group

N/

Technology Department Joint Universities Accelerator School, Archamps, February , 2017



Some results of TDS
* The binding energy of CO range from 0.9 to « 200°C bakeout

2.8 eV * H, is desorbed at different temperature
» Vacuum fired material cannot be repopulated * H,0 is still present
with CO
E(eV) 310%
| —+—316Ti ARC+AOD
36 L+ K 316 L+ W $i6 L — I | % :?ﬁﬁiﬁ‘g‘é
non=degassed degassed

a-C0 0.97 1.2 = 0,9 "‘E 210° T \l’ H,

§-CO 172 1.67 17 155 T 1 | Water cooled electrical

—— 2.05 1.91 2,2 1,96 é f

-co (1) 2.8 o 11077 t

HZ 0.89 ]

NON DEGASSED DEGASSED Temperature [°C]

2 3 810 + + t
—an, —co —n| 316 LN ESR
T T e HoO —co,
25 K/s - ~ FFLI:::{— E o
% % P ‘é 410
. 5 | 5K/s
T T T T T T 3 Temperature [°C]
T(C) 60 160 260 360 I-TG(O.C)SSO 660 760
A.G. Mathewson et al, Proc. 7" Int. Vac. Congr, Vienna, 1977 JP Bacher et al, JVSTA 21 Jan/Feb 2003, 167
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Sojourn time

* This is the characteristic time for a first order desorption process
* The sojourn time (residence time) of a molecule on a surface is a function of the desorption
energy, Ed, and the surface temperature, T:

T = TO e(lf_l'l)")

« With 10 the oscillation period of the molecules on the surface ~ 1013 s,

* The inverse of the sojourn time reflects the probability of desorption

- Strongly bound molecules have long residence time
* Increasing the temperature decrease the residence time

» Decreasing the temperature, increase the residence time
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H,O - Sojourn time

« At room temperature, the sojourn time of water on the surface is very large ~ 1 week
* The surface coverage of water is therefore reduced by 1/e in a week

* Water desorption is dominating the pumping process and several months are needed to
evacuated fully the water adsorbed on the surface

* Water originates from previously adsorbed molecules and also from reaction with oxides

Sojourn time of a molecule as a function of temperature
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2. Outgassing
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2.1 Water outgassing

CERN
\w Vacuum, Surfaces & Coatings Group Joint Universities Accelerator School, Archamps, February , 2017

N/

Technology Department



Water outgassing

* It is observed that the desorption of water follows a law of the form, with a ~ 1:

q(t) =qot™“

* In practical units

3107°
t[h]

mbar.l.s.cm™>2

q(t) =

* Model of Redhead:
* Desorption/adsorption is assumed to be
reversible
* The surface coverage can be expressed as a
function of pressure by a suitable isotherm
« Assumes a Tempkin isotherm with several
possible adsorption energies, g;, due to the
complexity of the technical surface (15-23
kcal/mole i.e. 0.6 - 1 eV)

a GV(qo — q1) - 10°

t (sec)

P.A. Redhead, J. Vac. Sci. Technol. A 13(2), Mar/Apr 1995
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Impact of roughness

* Case of unbaked a-C coated stainless steel tube, 450-500 nm thick:

Mass spectrum is water dominated After 10h pumping:
~ X 30 unbaked stainless steel Stainless steel = 2 10-1° mbar.l/s/cm?
2nd pump down very similar to 1st one a-C coating = 6 10 mbar.l/s/cm?

* Carbon coated S5 tube

1.E-04

= Stainless steel

¢ Backgound system

1.E-05 * Carbon coated stainless steel- 2nd pump down

1.E-06

Pressure [mbar]

1.E-07

1.E-08
0.01 01 1 10 100 1000

Time [h]
Courtesy |. Wevers

The amount of water chemisorbed on the surface increases when increasing
the surface roughness

* Mechanical polishing or electropolishing are used to reduce the outgassing rate of materials
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Water outgassing & exposition to water
—a d1 qz
Q) =Qot %=

+ TaBLE I, H,O absorption/desorption data for various venting conditions of the stainless-steel (304) test

t/2 ¢/ '

=0 Q= g/ P" + g/t

. . . H,0 absorbed  H,0 exposed o 2 20
* The exponent, a, varies with the quantity of Thal (ML) (ML) (xloh @ (x10) (10 Vensing gases
Water exposed TO010 78 2.67 1.22 1.96 3.73 Ambient air
T020 16.8 500 8.21 1.30 4.23 3.86 Controlled
TO21 92 400 3.12 1.1% 315 5.86 mixture of
T022 7.2 200 2.36 1.19 2,11 6.11 H,0 and N,
* Large water exposure (17 ML): 1.3 T4 23 o om 1o o sw
« ambiant air (8L) 1 T030 07 012 096 €29 140 N, gas
> 10 ppm
- low water exposure (0.02 ML): 0.65 oy
T040 0.017 5.07 0.65 8.91 1.05 Highly dry
- The observation can be modeled by the e - ke

"Note: The amnit for the outgassing rate (Q) is (Torr £/em? s) and the unit of time {£) is {s).

superposition of:
* a water surface concentration => a ~ 3/2

1078 e
- a water bulk concentration =>a ~ 1/2 i ]
107} §
’%? 3
~[, —#AL Outgassin I \r,83h & Loel |
& "\ .rc"t Hatg ? \\'!I{t \%\ 10 E. E

Source © b 7 BN T )

Distribution \\ ‘,l'.n _gh 2 Y g 10 E :3
N . AN . .
L '\\ .“"‘ -y =) 10—?0‘; % -;
TU‘“ eer bk N R Lo bl o b
F. Dylla, CAS 2006 & J. Vac. Sci. Technol. A 11(4), Jul/Aug 1993 10 10° 10* 10° 10°

Time (s}

Frz, 2. Outgassing measurements for different HyO exposures in a log

Venting with dry N2 reduces pump down LIMeS @) vsioa plor. (see Table Lfor key to tral mumbers, T010-7040.)
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Typical design value of outgassing rates

« The outgassing rate of unbaked surfaces is dominated by H.0.

 For metallic surfaces, unbaked after 10h (or 100h tbc) of pumping (Torr.l.s't.cm-?)

___“

71012 14104 71012 14104

CH4 51013 51013 51013 11012
H,O 3 10-10 3 10-10 3 10-10 6 1010
CO 510712 11012 51012 1104
CO, 51013 2,510 51013 11012

A.G. Mathewson et al. in Handbook of Accelerator Physics and Engineering, World Scientific, 1998

LHC cold vacuum chamber LEP dipole chamber : - intersecti n “bicone” chamber

5-20 K beam screen inside cold bore; pumping slots
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2.2 Bake-out
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Sojourn time at high temperature

* The sojourn time decrease strongly with increasing temperature V,

» Heating the material allows a degassing of molecules with binding energies < 2 eV

E(eV) 200°C 300°C 400°C

4102s 410%s 8 10°s 6107s
1.1 13 s 510?s 510%s 210°s
1.7 20 years 1.5 days 88 s 0.5s
2.0 1 10° years 6 years 10h 95 s

2.8 310 years 2 10°years 110*years 3years

* Molecules with larger binding energies than 1.7-2 eV will not be depleted by a bake-out
=» those molecules will be available for subsequent desorption by e.g. ion bombardment
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In Situ Bake Out

* A bake-out above 150 degrees increase the desorption rate of H,O and reduce the H,O sojourn
time in such a way that H, become the dominant gas

Sojourn time of a molecule as a function of temperature

1078
1.E+05 'F
"‘I"E ~1Year 1.E+04 3
Tin LE+03 +—
Lo ] E H20_Aluminum
E 1 ﬂ-a = H2_Stainless steel
o ': ﬂ E 1.E+02 + CO_Stainless steel
o ,":c U - £ g E CO_Stainless steel
w N m ekT £ LE+01 +
[l i = E
é i H"\ 1 ?’- = g 1.E+00 \
1 ' 3
o 10'%L . Vo 2 5
= = = LEOL 176V
v - = i \
i‘] = -1 1E02 ¢ 1.2ev
O [ Baked Al . : \o.gev e
":I" T 1 1 1 ) LE03 ¢
d 0 20 20 60 80 100 e iewd
PUMPING TIME (HOURS ] 0 50 100 150 200 250 300 350 400

A.G. Mathewson et al. Degres Celcius

J.Vac.Sci. 7(1), Jan/Fev 1989, 77-82
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Material for bakeout

heating tape

Storage area
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Bakeout system
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Amount of gas removed after a bake-out

« After a laboratory bake-out of a stainless steel chamber at 200°C for 20 h

B T T R A R

C. Herbeaux et al., J. Vac. Sci. Technol. A 17(2), Mar/Apr 1999, 635

Several monolayers of gas are removed from the vacuum system during a bake out
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Diffusion

 The diffusion coefficient is a function of the diffusion energy and temperature:
Stainless steel diffusion coefficient

Ediry
D (T) — Doe_ /kT LE-04 .
LE-05 e
1E-06 e
* In 304L, 316L stainless steel: — LE07 ."
T ieos
Tc | 20 | o000 [EVESERETERNC 2 i
D[cm?s] 14102 23105 Egi=0.558 eV LE10 o
1E-11 _!i"-
P. Tison, Le Vide, 264, Dec 1992, 377 b J

0 200 400 600 200 10060
Temperature (deg C)

* The hydrogen diffusion in materials is govern by Fick Laws:

« 1st Law: The gaseous flux, g, is equal to the production dc(x,t)
of the diffusion coefficient, D, by the gradient of q(x,t) = =D Tox
hydrogen concentration x

- 2 Law: The time variation of the hydrogen 2
concentration is equal to the product of the diffusion M =D M
coefficient by the second derivative of the hydrogen ot 0x?
concentration in the solid
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Diffusion in a semi-infinite slab

c(x,t)
A
* Assume a stainless steel slab of infinite thickness with a uniform initial
concentration along the slab at t=0 i.e. ¢(x,0) = ¢, Co
 For t>0, the pumping is started in such a way the diffused hydrogen is
evacuated from the surface i.e. ¢(0,t)=0 vacuum
* This is the case of a vacuum chamber under pumping

* Solving the 2" Fick law with these boundary conditions gives for the hydrogen -~ X

concentration: 0
X =
c(x,t) =— e Y dy = c,erf|=VDt o N
N 0 (2 ) with: erf(z)—ﬁjoe Y dy

* The hydrogen outgassing rate, g, after a pumping time, t, can be derived from the 15t
Fick law:

q(t)=D (ac(x’t))x_o =c, [2—= « /Dt /2

——=
0x O\l T+t

The outgassing rate varies inversely with the square root of the pumping time

R.J. Elsey, Vacuum 25, 7 (1975), 299
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Diffusion in a semi-infinite slab

 The total amount of gas desorbed from the surface at time t is:

t 2 C(X,t)
j q(t)dt = c, |—VDt o« +/t 1
0 T
Co
Vacuum
side
E——_—
0

R.J. Elsey, Vacuum 25, 7 (1975), 299
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Diffusion in a finite slab c(x.1)

* Assume a stainless steel slab of thickness, L, with a uniform initial

concentration along the slab at t=0 i.e. c(x,0) = c, Co
 For t>0, the pumping is started in such a way the diffused hydrogen is
evacuated from the surface i.e. ¢(0,t)=0 and c(L,t)=0 Vacuum Vacuum

* This is the case of a wall totally enclosed in a vacuum system

» Solving the 2" Fick law with these boundary conditions gives: 0O L
(0 0)
e 0 4 z 1 - [(2n+1 —<”(2++1))2m
c(x,t) =c,— sin X | e
°nm 2n + 1 L
n=0
* The hydrogen outgassing rate from both surfaces, q, after a pumping time, t, can be
derived from the 1t Fick law: io¢ . ¥
. 2 foof (22222 o]
dc(x,t) 8c,D _<—”(2"+1)) Dt
a=2p(—=) === ) el I Lo
ax L exp (-r2d™20¢) =
x=0 n=0 \\\\\\
- when: Dt/L2 > 0.025, all values above n>0 are negligible leading to: o+ \\
\
4 T _EZDt 8Col) —EZDt
c(x,t) =c, —sin (Z x) e (L) q(t) = 7 € (L) o T P
R. Calder, G. Lewin,
R.J. Elsey, Vacuum 25, 7 (1975), 299 Br J Appl. Phys, 18, 1967, 1459

CERN

\/_w/ Vacuum, Surfaces & Coatings Group

> Technology Department Joint Universities Accelerator School, Archamps, February , 2017



Diffusion in a finite slab: bake-out

* Following an in-situ bake out at temperature Ty for a long enough time duration tgg ,the
outgassing rate at room temperature (RT) of one face of the slab is constant and equal to:

2 2 2

4 c, D(Tgr) e—(%) D(To)to e—(%) D(TR)t 4 co, D(Tgrr) e—(%) D(Tgo)tgo
L \ Y J L

=1

qrr(t) =

* In practice, long enough duration time means a couple of hours:

D(Tgo) tpo

LZ > 0.025 i 11 3 i

* In practice, increasing the bake out temperature is more efficient than increasing the bake out

duration time:
200°C | 250°C | 300°C

Table of equivalences between 1 day 7h 2h
bake out temperature 4days  1day 8h

10 days 2 days 1 day

R.J. Elsey, Vacuum 25, 7 (1975), 299 R. Calder, G. Lewin, Br J Appl. Phys, 18, 1967, 1459
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Diffusion in a finite slab

* The total amount of gas desorbed from the surface at time t is:

jt 8 = 1 _<W)2Dt
t)dt =c, D 1——2—6
WA= P\ 1752 2, o

2
n
c(x,t)
A
Co
Vacuum Vacuum
0O L
R.J. Elsey, Vacuum 25, 7 (1975), 299 R. Calder, G. Lewin, Br J Appl. Phys, 18, 1967, 1459
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Typical design value outgassing rates

* The outgassing rate of baked surfaces is dominated by H,

- Metal, baked (24 h at 150°C for Cu and Al, 300°C for SS) after 50h of pumping (Torr.l.st.cm-2)

___“

51013 11012 51013 110712
CH4 51071 51071 51071 1104
H,O 1101 <1101 1104 2 1014
CO 11014 11014 11014 2 1014
CO, 1101 51071 1104 2 1014

A.G. Mathewson et al. in Handbook of Accelerator Physics and Engineering, World Scientific, 1998

Outgassing rate of baked material are 2-3 order of magnitude less than unbaked materials

CMS End cap chamber Copper tubes

CERN
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Successive bakeout of a finite slab

* n succesive bakeout at Tz, of long enough time duration tz5 give the following outgassing rate
at room temperature:

Qn(t) =
* A plot In(q) vs number of bakeout cycles is linear with a slope proportional to the diffusion coef.
* So each bakeout reduce the outgassing at room temperature by a constant value:

R. Calder, G. Lewin, Br J Appl. Phys, 18, 1967, 1459

4 Co DL(TRT) e—TL (%)2 D(Tgo)tgo

qn+1(t) _ e(%)z D(Tgo)tso
qn ()

Stainless steel sample: a reduction
of x1.3-1.5 after each cycle

LHC collimator: a reduction
of x1.3 after each cycle

xI0725- o107 | RS RARAS MARRS
i B After 1st bakeout
4 14107 [l B After 2nd bakeout | ]
—_ i B After 3rd bakeout | ]
— w0
T = 12107
% 3 3
~ = 7
. E 110
: S 107
Z J 810° |
-
g2 4 '
e % 610° [
'] b=/ i
S 4107}
210° { I
| : | | . i
No. of completed bakeout cycles H2 CH4 H20 CO N2~ CO2 Total N2.eq.

Composition

R. Calder, G. Lewin, Br J Appl. Phys, 18, 1967, 1459 J. Kamiya et al., Vacuum 85 (2011) 1178-1181
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Outgassing vs temperature

* Due to the diffusion term, the outgassing rate of a baked material follows an Arrhenius law:

_Eg
q(T) =g, e kT

« A plot In(g) vs 1/T gives a straight line which slope is proportional to the activation energy

1.E-07

T T 7 1
300°C 250°C 200°C 150°C 100°C 50°C 20°C

1.E-08 o=

\l\k.\l 200 |deg baked Stainless Steel
1.E-09 \.\.\‘

» Baked stainless steel:
E,~05eV

q

O Vac Fired 55

E,~0.4eV o |
o

B

L 2 5 30 150 \E\

-
m
hN
=
|

E 1.E-10 N
2 5 70 450 ® T

qrr g E‘. \-\k |

o9 1E11
_ 23 o b S
 Vacuum fired baked s. steel: - ~

$
8

1.E-14
4rr Vacuum Fireld 300 deg baked Stainless Steel
1.E-15 t f } }
0.001 0.0015 0.002 0.0025 0.003 0.0035
1/T (KY)

Courtesy P. Chiggiato, TE-VSC
Laboratory measurements are sensitive to day & night temperature!
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2.3 Hydrogen reduction
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Vacuum firing

* A method to reduce hydrogen content in stainless steel (316 series)
 Qutgassing the material in performed in an oven at 950°C under vacuum (<10-> mbar) for 2 h
* The high temperature allows to enhance hydrogen diffusion

CERN large furnace
Length: 6 m
Diameter: 1 m
Maximum charge weight: 1000 Kg
Ultimate pressure: 10° mbar

P at the end of the treatment:
high 10-* mbar range

Courtesy P. Chiggiato, TE-VSC
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Impact on structural properties

» Under the heat surface treatment 304 series stainless steel are recrystallized due to carbide
precipitation at the grain boundaries
=» cannot be used as material for flanges (leak at the level of the knife)!
=>» low carbon and low carbon nitrogen alloys stainless steel are used

* The hardness of the material is not modified
* The surface is enriched in Fe due to the Cr evaporation during the treatment

* When the material is bring back to atmospheric pressure, it keeps the memory of the treatment
since the hydrogen diffusion at room temperature is small
=>» A single treatment is needed in the life of the material

D S SR
- b = Nucl. res. analysis
Table 1. Deduced hydrogen concentration in the samples from the nuclear resonance analysis (NRA) and an extraction method "E - Extraction
& L
Treatment Time(h) Temperature (°C) NRA Hydrogen conc. (Atjem ™) Extraction Hydrogen conc. (Atfcm ) ‘; ] !
19
Untreated 1.70(25) - 10" 5.179(5) - 10 E 107 F i v i
Air baked 2 400 1.37(22) - 10" 1.56(5) - 10" = F E
Air baked 4 400 8.2(17) - 10 8.0(5) - 107 = r .
Air baked 8 400 8.2(17) - 10" 4.2(5) - 107 c
Air baked 16 400 7.8(17) - 10% 4.2(5) - 10" g
Air baked 24 400 6.5(16) - 10" 3.3(5) - 107 = -
Vacuum L 101 L
Fired 1 950 1.3(7) - 10 4.2(5) - 107 § 3 -
g | 3
& §
c ~ 2 10*° H/cm3 reduced to 1018 H/cm?3 S . e
E . b a 5 £
s & &® & E
g = == = = = :
E A s = e 3 4
Treatment >

Figure 1. The average hydrogen concentration in the 0.05-0.7 yum depth
range of the virgin, air baked and the vacuum fired samples. The results
from the extraction method are also included.

L. Westerberg et al., Vacuum 48 (1997) 771-773

CERN
\w Vacuum, Surfaces & Coatings Group Joint Universities Accelerator School, Archamps, February , 2017

N/

Technology Department



Hydrogen Solubility

* During the thermal process, the hydrogen can dissolve into the material, in particular at high
temperature

* The hydrogen solubility in stainless steel increase with increasing temperature and exposed
pressure according to the Seivert’s law:

E
cp = 3VP e kT  With E, = 0.115 eV, P in bar and cr in mbar.licm?

H, surface concentration and furnace H, pressure

* A furnace pressure < 1 mbar is LEOL
needed to reduce the “natural” H
surface concentration

1.E-02

* At 10-> mbar and 950°C, the minimum
H, concentration is 10 mbar.l/cm3 i.e.
~ 5 10% H/cm?3

[—— : 1 mbar
1.E-03

—1e-2 mbar

1le-3 mbar

[ B — —— —1e-4 mbar
LE0s __ x —1e-5 mbar
» 3 to 4 order magnitude less than in e

“natural” stainless steel !

H, concentration (mbar.l/cm?3)

1.E-05
500 550 600 650 700 750 800 80 S00 950 1000

Temperature (deg C)
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Diffusion in a finite slab with residual H, pressure

» Assume a stainless steel slab of thickness, L, with a uniform initial C(ﬁ,t)

concentration along the slab at t=0 i.e. c(x,0) = c,
* For t>0, the pumping is started in such a way the diffused hydrogen is in Co

equilibrium with the oven pressure i.e. c(0,t)=cr and c(L,t)=c.

* Solving the 2" Fick law with these boundary conditions gives: PH, PH,
4 (1 _@fm
c(x,t) = cp+ (c, —cp) —sin|—-mx |e \L > X
m \L 0 L
« After the vacuum firing in the furnace at temperature T for a duration t;, the hydrogen
concentration ¢y, in the solid is: R. Calder, G. Lewin, Br J Appl. Phys, 18, 1967, 1459

4 1 _(T)?
CH(xl tF) ~ Cfr + (CO — CF) Co ESl'Tl <Z T[_X') e (L) D(Tptr

» Hydrogen profile in a stainless steel sheet as a function of time (in second)

T B e S S R o W
E; i - . E ] ) ' 1_-_'-‘-_--"\!‘-
l = | Tid '
04 P — - = Cuao4
M o
J .'}!: i S— ———
ool ik - — =]
k e L
E” §mg |
I
:E! o —— = — £ p L1 ! ! | | | :
0-08 -06 04 02 0 02 04 05 08 10

=10 -u 06 04 02 0 02 04 06 a 11 -1
Steel Thickness (mm) Steel Thickness (mm)
B.C. Moore, J. Vac. Sci. Technol. A 13 (1995), 545.
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Subsequent bakeouts following vacuum firing

* As previously, taking into account the achieved hydrogen surface concentration following
the vacuum firing, the hydrogen outgassing rate after n successive bakeout at dc(x t)>
x=0

temperature Tz and duration tgg is obtained from the 15t Fick Law: q(t) = D( )

2 2
in(®) = Lo + ey — cg) () 2rete] LPTRT) o () pTaoreao

L
R. Calder, G. Lewin, Br J Appl. Phys, 18, 1967, 1459
D(T)c,
27107 13 — Jr(D(Te)te + D(Tgo)tzo)
/
semitinfinite model il
1.' 107 13 I/f
//
* For thin sheets, the initial content of hydrogen is R y
fully removed. The final outgassing is defined by T /
the H, pressure in the furnace: S [
g ~ 5 1015 mbar.l/cm? 2 //
AR T (1 H
= P 10~ Torr pressure
S 1015 ‘||' in the furnace
* For thick slab, the pressure in the furnace as | ’J [ .
limited influence: < For zero pressure —
51015 | in the furnace |

g ~ 1013 mbar.l/cm?

05 1 15 2 25 3 35 4
L [cm]
Courtesy P. Chiggiato, TE-VSC

o100
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Stainless steel 316 LN

* 1.5 mm thick sheet held at 300°C for 24 h, rate measured 120 h after then end of bake-out
* A reduction of ~ 1.8 between each cycle

316 LN stainless steel hydrogen outgassing rate

1E-12 L ‘ ‘
=~ m 3002C
E ®m 3002C with vacuum firing
n
= 1E-13
38
£ n
v n
£ -
2 1E-14
‘» [ |
1)
50
= |
© n
c
o 1E-15 |
0
— [
>
I

1E-16

1 2 3 4 5

Bake out cycle

B. Versolatto, N. Hilleret, CERN Vacuum Technical Note 2002
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Diffusion barrier: air baking

* The hydrogen diffusion is reduced by a diffusion barrier created during the air bake-out

Integrated pressure (mbar)

» Stainless steel tube:
8 m length, 1.2 m diameter, 2mm thick //
- Air fired at 400 deg for 38h LE0S >
- Then baked at 150 deg for 7 days i
- Oxide thickness x 10 e
* q = 101> mbar.l/s/cm? pd

4

* Diffusion energy increased from 0.5 to 0.6 eV Numberlof days

0.E+00

0 100 200 300 400 500 600 700 800

e Low cost!

Fig. 1. Hydrogen accumulation over a long period of time in the Orsay corrugated prototype tube for VIRGO.

Outgassing performance of an industrial prototype tube for the Virgo antenna, P. Marin et al. , Vacuum 49 (1998) 309
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Diffusion barrier: coating ?

* The hydrogen diffusion is reduced by a diffusion barrier created by a coating e.g. TiN

* Atleast 1 pym film thickness

10-?5'!""!""?'ll! llll!ll'll!p?

* The film reduce the hydrogen permeation
o 100 L®—gUicoated chamber
- Extrapolation from coupons measurements £ E ' Ed =44 kJimol -’
predicts 1014 Pa.m s (1017 mbar.l/s/cm?) c .. f o
\t.].;r 10 E. ........ . ................ . . . e et et 3
- 3D object: difficulties to realise a uniform s o T?’?‘i coated .;hamberé | ]
coating without pinholes which compromised g 10rg ~W___Ed=53kimol ]
the observed performance on a tube or vacuum ?u [ f ]
chamber g 10" F |
O F N, equivalent |
- Reduction of 2 orders of magnitude of the 1072 b it
hydrogen outgassing rate: 28 30 31 32 33 34
» Uncoated chamber: 10-19 mbar.l/s/cm? 1000/ T (K
* TiN coated chamber: 7 10-13 mbar.l/s/cm?
RT

TiN thin film on stainless steel for extremely high vacuum material, K. Saito et al. , J. Vac. Sci. Technol. A 13(3) May/Jun 1995, 556
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2.4 Other materials

CERN

\/_w/ Vacuum, Surfaces & Coatings Group Joint Universities Accelerator School, Archamps, February , 2017

NS

Technology Department



Outgassing of plastics

* Plastic material are highly porous and contains much more water than metalic surface
 Their outgassing rate is limited by a diffusion process

Metallic surfaces q ~ g/t Plastic surfaces q ~ gyt
108 _ _
= Hp E o

~ F H . E i
lI‘I‘E - z N Q‘: 2 '\.;::
T - CO = 5 10 S
" d.ﬂ- \ i AN
E1 = oe) = g 5 \\\ S ,l!
E E i \ X 5 OOO < = N ~]
W . 2 N\ i
I = 100 NN
< F . 3
x 50 s B

1
) = =
=z [ NN : N
v B = -8
W - N 10 :
< L
L] Unbaked Al = 51 2 s 4 s o
16" L T de mise sous vide ()
'] 0 20 40 &0 80 100 emps de mise s

Lexan MR 400 (polycarbonate)
PUMFPING TIME (HOURS I'I ge)r;r: Plexiglas (:::)Ivyila'iét:::rslate de méthyle)
A.G. Mathewson et al. Ericétal noir (polyacétal)
. Tef! Iytétrafluoréthylé 8s 15 h d'é 3 100°C
J.Vac.Sci. 7(1), Jan/Fev 1989, 77-82 Bty

Téflon aprés 15 h d’étuvage & 100 °C (épaisseur de 3 mm)
Kapton (polyimide) (épaisseur de 125 um)

Good Vacuum Design :
Use ONLY metallic surfaces and reduce to ZERO the amount of plastics

CERN
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Outgassing of ferrites

- Ferrites inserted in devices (XRP, TCSP, TCTP, MKI, TDI ...) can
heat up during operation => increase of outgassing rate

- TT2-111R, CMD5005 and CMD10 | EEEE B OER B =
- Treated at 400°C — 1000°C M
q %%“; 1.E-11 ! - .
- 5 40 150 600 _: __E_ 1E2 0 Wac Fired 55 ) T
qrr i " oaiedss F
LE-13 - Alfa " o “
R | vt T
lIE-lsﬂ.Oﬂi QBNLE 0.002 I 00025 0,003 0.0038
/T (KY)
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3. Qualification of materials

CERN
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Outgassing measurement by Accumulatlon

RESIDUAL GAS - . L
* A sample is placed in an evacuated vessel and the ANALTSER ”L JTeNRE
| | S
leak valve closed N ]
e Y nmnr:r:. NEG STRIPS '
» Gas accumulates into the sample chamber vl | ‘
EM’MD;L_PI:Z;T | g L — — —
. . . GALGE S/ WARIABLE
* After some accumulation time t,.., the leak valve is A ke %?mmg
opened and the mass spectra measured £
. . TURBOMOLECULAR Iﬁ'i;
* The leak valve is closed again and the procedure 0 Pumr L)
SAMPLE w0 L
repeated every 1to 72 h T
At PRIBARY :_, .I "'-l
Si fg a; Irga(t) dt AL
Q(ﬂtﬁc) = e —
° W|th 1E-10

S, the pumping speed for gas, i
a the RGA calibration factor for gas, i

\\\g

lnea [A]

Open VLV

Close VLV

lrca the current recorded during the leak valve opening /
At the RGA recording duration //

At,. the accumulation time

T| me [s]

» Sensitive measurement
Courtesy |. Wevers

CERN
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Outgassing measurement - Throughput

Penning
gauge gauge gauge

- @@ @@ CollimatorTCS

@ I A

2"

]
lon pump)| | — * Gasinjectionline,
— Hz, CO, CH4, COZ szase ~ 3:10-1° mbar

I Conductance of 10l/s for N, I

J. Kamiya et al., Vacuum 85 (2011) 1178-1181

- The component is connected to a pumping system 0 = SersPai = Ci (Pai = Puy)
via a conductance, C _Gi(Pi—Puy) P,
) . Sopr = ~m—g—2= G (1= "1/p))
» Background is determined by a blank run 2
- The outgassing rate is \ 7
Qnzeq = C (P2 — Py) Q; = Cia;l; (1 — PI/PE)

a the RGA calibration factor for gas, |
In N, equivalent no RGA is needed! . the RGA current for gas |

c, the conductance for gas |

CEfNj/
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Vacuum Acceptance Test Laboratory

1T T
L

CE’RW
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Example of tested parts

VPIAN test - NEG cartridge

|

/

]
7
/‘

VMBGD - TDI
sectorisation

cw
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Example of tested parts

TDI boron

nitride blocs

ny ’ 4 5
MKI Oven test ? ’ AN
facility B.867 —

c.;fW
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Vacuum Acceptance Tests

* Prior LS1 installation ~1200 LSS’s equipments have been baked and validated at the surface :
* functional test
* pump down
- leak detection
- residual gas composition
- total outgassing rate

1LOE-07

= Arincrosse |

1.OE-08 -

' 1.0E-09
10E-12 | . . . . .
i 100 200 00 400 SO0 B00 1.0E-10

Time [sec] Totem Alt‘a roman Cculllmamr
roman pot pot

Outgassing rate of some LHC components

RGA current [A]

Outgasing rate [mbarl/s|

Identification of virtual leaks by accumulation test

G. Cattenoz et al. , Proceeding of IPAC’14, Dresden, Germany
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Cleaning Methods
« Chemical cleaning is used to remove gross contamination such as grease, oil, finger prints.
* It can be needed to attack the surface with acids to etch the oxide layer
 Passivation can be helpful to produce a “stable” oxide layer on the surface

* Example of CERN LHC beam screens :
Degreasing with an alkaline detergent at 50°C in an ultrasonic bath
Running tap water rinse
Cold demineralised water rinse by immersion
Rinse with alcohol
Dry with ambient air

CERN
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Surface characterisation — AES

* Auger Electron Spectroscopy is surface sensitive (nm ?)
* Hydrogen and helium are not detected

* An incoming electron/photon eject an electron from a core
level of an atom to create a hole

* This hole is filled by an electron falling from an higher
energy level

* The energy released is transferred to a 3 electron i.e.
the Auger electron, which is ejected into the vacuum

« Measuring the electron energy of the emitted Auger
electron allows to do a chemical analysis of the solid

* The e~ gun source might induce surface modification
* Auger lines might overlap

¢ spot: 0.01x0.01 to 0.1x0.1 mm?

* Detection limit ~10%* atoms/cm?

CEfW
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C content after chemical cleaning and vacuum firing

* An in-situ bakeout after a vacuum firing produce a much cleaner surface than a baked surface

]
}

. AVESTA 36 LN AS
gN RECEIVED FROM FABRICANT
o l/,—w

5 Ci Ca

AVESTA 116 LN
a04'c FOR &£0min

I—.—P
Fr LT
dE
HORMAL T5R CLEANING . N "
PROCEDURE c
c i i
W
dE " N
P CCa i . i i Cu UP T AIR
Fe an
cr dE (“‘ S V——
Hi Hi
Fe
v}

& hour 300 BAKE .
JH0UR  J00C BARE

g8 4N 1 DRI P
C Fe o
Cr ——
Fe
N — N N ——
. 0
T T T T T T T T T T ! 1 T d T — T T —T T
0 00 200 300 400 500 600 700 800 %00 1000 0 00 200 300 400 S00 600 700 800 800

FLECTRON ENFRGY (eV)

ELECTRON ENERGY (eV)

. . . Figure 3. Auger spectra from a 316 L + N stainless steel specimen
Fig 'l : iuﬂer SP?:W fiiﬂm ta 13 16 L +(N irc:)mhs; s:-?:: sh[;cclln m:. after heating to 800°C for 40 min in vacuo (top), after exposing 1o
a’m’fgi!"e 4(;0&2 “’T)S“ vent cleaning (cCnire) and alte g air (centre) and after a 3 h 300°C bake (bottom).

or om).

The surface cleanliness of 316 LN stainless steel studied by SIMS and AES, A. G. Mathewson, Vacuum 24 (1974) 505
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Surface characterisation — XPS

« X-ray Photoelectron Spectroscopy is surface sensitive (1- 3 nm)
* Hydrogen and helium are not detected

« An X-ray photon ejects an electron i.e. a photoelectron - KE=hv-BE-¢
from a core level of an atom to create a hole = S

* The energy of the ejected photoelectron is characteristic . A(,

e . hv
of the emitting species ij;: KE: kinetic energy

» XPS is more sensitive than AES and provides rich Ep ——= @: work function
information on the chemical state of the emitter. _~| Valenceband | .\ ding energy

Detection limit ~101* atoms/cm? F— ----- Core |evel

X-Ray Sources: photon source
- Al E_ . =1486.74 eV, P, = 400 W
- Ag: E,.=2984.3eV; P, =600 W

- spot size on the sample: 1x3.5 mm?

energy analyser

hv
Synchrotron radiation based X-Ray Sources:
- Monochromatic photon energy
- From IR to hard X-rays Sune
- High flux

UHV - Ultra High Vacuum
(p< 1077 mbar ) J

CEfW
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Cleanliness evaluation

* 40% atoms of C on stainless steel is an upper acceptable limit |C1s

BE=284.15eV

. . - FWHM =250 meV — “— L=130 A\
Thickness of the layer ~ 0.5 nm o185 Moy

«=0.093

» Cleanliness is monitored by integrating the C1s peak ————
287 286 285 284 283
binding energy (eV)

Stainless steel 316LN

Storage of cleaned OFE copper
19%C
A 70 - E 6 months
ﬁ O 1month
— 060 1 Oas cleaned
5 2
s =
S 250 -
2 g
| T £ 0] =a
2 58%C \ | *E
£ ‘ | P2p ® 30 1 I [ I
R | < I | |

: J ~ A =

'. ] TS| © 20 -

II U

) &_M S2p 10 A
T T T T T T -I 0
800 700 800 =0 A0 300 200 100 0 Afoil  air (open PE (CERN PEpure  PE+Alfoll
Binding energy [eV] glass box) store) (Newform)

The assessment of metal surface cleanliness by XPS, C. Scheueurlein and M. Taborelli, Appl. Surf. Sci 252 (2006) 4279
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Lecture 2 summary

* The pressure in a vacuum vessel is determined by the outgassing of the surface

* The sojourn time of a molecule on a surface is a strong function of its biding energy and
the temperature of the surface

* Unbaked materials are dominated by water outgassing. The desorption rate is 1/t
- Baked material are dominated by hydrogen outgassing. The desorption rate is 1/:t

» Several methods are available to decrease the outgassing rate of the materials (vacuum
firing, chemical cleaning etc.)

« Components must be characterised in the laboratory with appropriate tools to guarantee a
good performance in a machine

CERN
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Thank you for your attention !!!

CERN
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