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About Your Instructors |h"r9

e Yulin Li & Xianghong Liu
- Vacuum Scientists (yulin.li@cornell.edu, XL66@cornell.edu )
- Cornell Laboratory for Accelerator-based Sciences and Educations
(CLASSE)
- Self-taught vacuum practitioners, starting as surface scientists
- As research staff members at CLASSE over 17 & 8 years overseeing
all aspect of vacuum operations, designs and R&D

 CLASSE — A Research Center on Cornell’ s Ithaca Campus

- Primary funding — NSF, with additional funding from DOE

- Cornell Electron Storage Ring (CSER): 780-m, 500-mA, 5-GeV

- Cornell High Energy Synchrotron Sources (CHESS) — A SR-user
facility w/ 12 experimental stations

- CesITA — CESR as a Test Accelerator for International Linear
Collider Damping Ring R&D, with focus on Electron Cloud studies

- Cornell Energy Recover LINAC — DC Photo-cathode injector

- Superconducting RF researches

- High-energy physics — CLEO, LHC, etc.
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SESSION 1: VACUUM FUNDEMENTALS

e VVacuum definition and scales
e Gas properties and laws

* Gas flow and conductance

e Sources of gasses
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« A vacuum is the state of a gas where the density of
the particles is lower than atmospheric pressure at
the earth's surface

 Vacuum science studies behavior of rarefied gases,
Interactions between gas and solid surfaces
(adsorption and desorption), etc.

 Vacuum technology covers wide range of vacuum
pumping, instrumentations, material engineering,
and surface engineering
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Accelerator Vacuum — highly interdisciplinary !_,t,"[g
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Units, Scales & Molecular Densities !ﬁl"l}

S| Pressure Unit: Pascal (Pa) = N/m?
Other commonly used units: Torr (mmHg) = 133.3 Pa
mbar = 100 Pa = 0.75 Torr

Mean Free g & 3 0 _3 _& _g
Path (m)  SX10 5X10 5%10 5X10 5X10 5X10 8X10
10 13 16 14
Molecular 5, o 3x10 ' 3%10 3%10 3%10 3x10  2.5%10
Density {cm )
Preszure 15 13 B -8 -3
(torr) 10 10 10 10 10 1 760
T 5 - = - ¥ T = = ¥ T =
T o T o T o T o a5 -3
b b b b b b
5 > o= o = = 2z = =
o = =
= S
4
|
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Example Vacuum Applications !ﬂ"[s

Extreme High Vacuum | Photo-cathode electron
(P < 10- torr) sources (Cornell, JLab, etc.)

Storage rings, surface
sciences, etc.

Device fabrications, medical
accelerators, mass spectrometry,
SEM, etc.

: Cryo system insolation, coating,
Medium & Low vacuum furnaces, beam welders,

Vacuum etc.
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Dry Air Composition and Molecular Mass !_,t,"ra

Constituent Volume Content Molecular Molec_ula_r
Mass Mass In Air
Percent ppm
N, 78.08 28.02 21.88
O, 20.95 32.00 6.704
Ar 0.934 39.94 0.373
CO, 0.037 44.01 0.013
H, 0.5 2.02
Ne 18.2 20.18
He 5.24 4.00
Kr 1.14 83.8
Xe 0.087 131.3
CH, 2.0 16.04
N,O 0.5 44.01
Total 28.97
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Water Vapor in Air !ﬁ"rg

« Water has most detrimental effects in a clean vacuum system

 Water molecular mass: Saturation Fraction of Water in Air at Sea Level
18.08 kg/mole ok
(‘humid’-air is less dense!)

3.0%

 Water content in air is
usually expressed in relative

Saturation Fraction of Water in Air at Sea Leval

humldlty ((p) 2.0%
PP
= ~— x 100% _
PPy, sat
0.0% 4 !
B0 40 20 0 20 40

Temperature C
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Gas Properties & Laws
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Kinetic Picture of a Gas !h"rﬁ

1. The volume of gas under consideration contains a large
number of molecules and atoms — Statistic distribution
applies

2. Molecules are far apart in space, comparing to their
Individual diameters.

3. Molecules exert no force on one another, except when
they collide. All collisions are elastic (i.e. no internal
excitation).

4. Molecules are in a constant state of motion, in all direction
equally. They will travel in straight lines until they collide
with a wall, or with one another

Duke USPAS Vacuum (January 14-18 2013) 15
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Maxwell-Boltzmann Velocity Distribution !ﬁ%‘

dn 2N ( m )’ , -(vaz
dv 72 2KT e

V — velocity of molecules (my/s)

n — number of molecules with v between v and v + av
N — the total number of molecules

Im — mass of molecules (kg)

Kk - Boltzmann constant, 1.3806503x10%3 n¥ kg s? K
I - temperature (kelvin)
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A Close Look at Velocity Distribution !ﬂ"[a

=
o
|

Air @ 25C

—
=
> 0.8} .
=
o O.6F -
N
=
5 0.4F -
~~
-
© 0.2F -
OO 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

Velocity (m/s)

 Most probable velocity (m/s):  V, =4/ K, =128.44 %Amo.e
* Arithmetic mean velocity: Vag = Bk/m =1.128v D
* Root Mean Squared velocity: V. = /377, =1.225v

Velocity depends on mass and temperature,
but independent of pressure
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Speed of Sound in Ideal Gases hrﬁ

_ / P_ KT _ /s the isentropic
Vaouna =41V o \m where y=C,/C, expansion factor

y=1.667 (atoms); y=1.40 (diatomic); y=1.31 (triatomic)

Mono - Tri-
atomic a‘romlc atomic

N s 1.10 1.19 1.24
vavg/vsouml 1.24 1.34 1.39
Voo o/ Vagung 1.34 1.46 151

Though not directly related, the characteristic gas speeds
are close to the speed of sound in ideal gases.
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Molecules Moves Fast at Higher Temperatures !ﬂ"[a

AlIr | -

dn/dv (arb. unit)

1000 1500 2000
Velocity (m/s)
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Light Molecules Moves Faster !ﬂ"[a

1.5F -
Nitrogen

0] o S PN / Neon _

3 "c',",,a / Hyd rogen

dn/dv (arb. unit)

0 500 1000 1500 2000 2500 3000
Velocity (m/s)
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Maxwell-Boltzmann Energy Distribution !ﬂ’[ﬁ

dn 2N E2 [,

€ 7 (k7 )%

 Average Energy: E.,, = 3kT/2

avg

* Most probable Energy: E, = kT/2

Neither the energy distribution nor the average
energy of the gas is a function of the molecular
mass. They ONLY depend on temperature !




Mean Free Path m’ra

The mean free path is the average distance that
a gas molecule can travel before colliding with
another gas molecule.

Mean free path of a gas molecule

Mean Free Path is determined by:
size of molecules, density (thus pressure and temperature)

Duke USPAS Vacuum (January 14-18 2013) 22
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Mean Free Path Equation |¥.%‘

1 KT
J2rdin  N2m?P

A - mean free path (m)

d, - diameter of molecule (m)

n - Molecular density (m3)

T - Temperature (Kevin)

P - Pressure (Pascal)

k - Boltzmann constant, 1.38 X 1023 m? kg s2 K1

A

Duke USPAS Vacuum (January 14-18 2013) 23
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Mean Free Path — Air @ 22 C (g

A(em) = 0.67 _ 0.005
P(Pa) P(Torr)

N N

A (cm) 6.6x10% 5.1x103 5100 5.1x106

For air, average molecular diameter = 3.74 x108 cm

Duke USPAS Vacuum (January 14-18 2013) 24
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Properties of Some Gases at R.T. 154N

Properties H,

W, 146 | 0.65 | 120 | 071 | 064 | 0.58 | 0.89
(101081)
2 Vg - Mean velocity

- d, : molecular/atomic diameter
-2 A - Mean free length at atmosphere pressure
2 Wy - Mean collision rate, Wy, = Vayg ! Aam

Duke USPAS Vacuum (January 14-18 2013) 25




Particle Flux b

Particle Flux - rate of gas striking a surface or an
imaginary plane of unit area

Kinetic theory shows the flux as:

f(m?5™) ——nv = n‘/

where n Is the gas density

Particle flux is helpful in understanding gas flow,
pumping, adsorption and desorption processes.




Particle Flux - Examples 1§
““ Particle Flux (m=2[g1)

(o) L me e MO JCOM, L 00 K

2.5x10% 1.1x10%8 3.6x10%7 2.9x10%7 2.3x10%7 1.7x10%
10 3.2x1016  1.4x101° 4.8x101® 3.8x1018 3.1x1018 2.2x1018

107 3.2x10%3  1.4x10% 4.8x10'> 3.8x10> 3.1x10%> 2.2x10%

Typical atomic density on a solid surface: 5.0~12.0x10" m#
Thus monolayer formation time at 10 torr: ~ 1-sec /

A commonly used exposure unit: 1 Langmuir = 10° torr/Sec

Duke USPAS Vacuum (January 14-18 2013) 27
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- v molecules striking a unit area, with projected
velocity of v, exert an impulse, or pressure, of: N

P=2m) v,

—> Integrate over all velocity, based on kinetics, &

—_ 2
P=snmy, (A)
- The average kinetic energy of a gas is:
_ 2 _
E=2my  =3KT (B)

- Equations (A) and (B) results in the Ideal Gas Law:

P =nkT

DUkG USPAS Vacuum (January 14-18 2013) 28




éas Laws |h"r8

Charles’ Law
Volume vs. temperature

Boyle's Law
Pressure vs. Volume

Avogadros Law
Volume vs. Number of molecules

All these laws derivable from the Ideal Gas Law
They apply to all molecules and atoms, regardless of their sizes




The volume of a fixed amount of gas at a fixed
pressure will vary proportionally with absolute
temperature.

10

V, V, i

T T,
(N, P Constant) t
[/

Temperature (C)
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Boylestaw W

For a fixed amount of gas at a fixed temperature,
its pressure is inversely proportional to its volume.

10 r—r—r—

Volume (liters)
= »
/,___,....---'"

H.Vl = I:)2\/2

(N, T Constant) 2 \\

0 2 4 6 8 10

Pressure (Torr)

--.________‘_-_
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Finding volume of a vessel with Boyle's Law !ﬂﬂ}

V, = 1.5 liters V, = ? liters

P, = 760 Torr

Vacuum Vessel 1 Vacuum Vessel
D q 2 P, = 20 Torr

\ /

Boyle's Law can also be used to expend gauge
calibration range via expansion

Duke USPAS Vacuum (January 14-18 2013) 32
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Equal volumes of gases at the same temperature and
pressure contain the same number of molecules regardless
of their chemical nature and physical properties

vV, _V,

N_1 "N 2 (P, T Constant)

At Standard Temperature and Pressure (STP, 0°C
at 1 atmosphere), a mole has a volume of V,, and
contains N, molecules and atoms:

N, = 6.02214 x 10?3 mol?
V, = 6.02214129(27) x 103 mol

Duke USPAS Vacuum (January 14-18 2013) 33
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(AT Standard Temperature and Pressure (STP, 0°C
at 1 atmosphere), a mole of ideal gas has a volume
of V,, and contains N, molecules and atoms:

N, = 6.02214 x 1073 mol”
V, = 22414 L/mol/

Definition of mole:
the number of atoms of exact 12-gram of Carbon-12

34
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_Partial Pressure - The DalfonsLaw W
4

The total pressure exerted by the mixture of
non-reactive gases equals to the sum of the
partial pressures of individual gases

total pl T p2 Tt pn

where p,, p,, ..., p, represent the partial pressure of each component.

Applying the Ideal Gas Law:
=(n+n,+...+n )KT

total

Duke USPAS Vacuum (January 14-18 2013) 35
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Elementary Gas Transport Phenomena |}}‘$

> Viscosity - molecular momentum transfer, depending on
density, velocity, mass and mean free path

77 =0.499nm VA (Pa-s in Sl)

> Thermal Conductivity - molecular energy transfer
1 .
K :Z(gy—5)/7cv (W/m-K In Sl)

where y= c,/c, ¢, and c,are specific heat in a constant
pressure and a constant volume process, respectively.

y=1.66/ (atoms); y=1.40 (diatomic); y=1.31 (triatomic)

Duke USPAS Vacuum (January 14-18 2013) 36
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Gas Flows
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Gas Flow Regimes - Knudsen Number |ﬂ‘|ﬁ

g The flow of gases in a vacuum system is divided
into three regimes. These regimes are defined by
specific value ranges of a dimensionless
parameter, known as the Knudsen Number, K,

A < Mean free path

a Characteristic dimension of
flow channel (for example, a
pipe diameter)

Duke USPAS Vacuum (January 14-18 2013) 38
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Turbulent

> Viscous Flow: 1 s
Characterizedby | K =—<0.01 Laminar
molecule-molecule a o -~ -. T
collisions E E:"' EE’

> Transition Flow: 0.01<K_ <1.0

> Molecular Flow:

Characterized by K > 1.0 !‘,ﬁ‘%ﬂ

molecule-wall [ e
CO///:S'fOﬂS Molecular

Duke USPAS Vacuum (January 14-18 2013) 39
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> The character of the flow is
determined by gas-gas Process Chamber
collisions

> Molecules travel in uniform
motion toward lower
pressure, molecular motion
against’ flow direction
unlikely

> The flow can be either
turbulent or laminar,
characterized by another
dimensionless number, the

Reynolds’ number, R

DUkG USPAS Vacuum (January 14-18 2013) 40
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Viscous Flow - Reynoids' Number i

R= YA

Y

U - stream velocity
p - gas density

d - pipe diameter

n - viscosity

> Laminar Flow: zero flow velocity at wall

R <« 1200

> Turbulent Flow: eddies at wall and strong mixing

R > 2200

41




Throughput I

g Throughput is defined as the guantity of gas flow
rate, that is, the volume of gas at a known
pressure passing a plane in a known time

Interesting Point:
Pa-m3/s = N-m/s = J/s = Watt /!

Duke USPAS Vacuum (January 14-18 2013) 42
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Gas Conductance - Definition M

@,

P, — P,

P, > P,

> The flow of gas in a duct or pipe depends on the
pressure differential, as well on the connection geometry
> The gas conductance of the connection is defined.

Q In SI unit: m3/s
Commonly used: liter/s

p2 — Pl 1-m3/s = 1000-/iter/s

C =

Duke USPAS Vacuum (January 14-18 2013) 43
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Vacuum Pump - Pumping Speed Wl

» Defined as a measure of volumetric displacement
rate, (mP/sec, cu-ft/min, liter/sec, etc.)

SN2

> The throughput of a vacuum pump Is related the
pressure at the pump inlet as:

dV
=P =P[5
< dt

Duke USPAS Vacuum (January 14-18 2013) 44
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> Viscous flow is usually encountered during
vacuum system roughing down processes.

> Gas flow in the viscous flow regime is very
complicated. A great amount of theoretic
works can be found in the literatures on the
subject.

> Depending the value of Reynolds’ number, the
flow can be either laminar or turbulent.

> Turbulent flow is usually to be avoided (by
‘throttling’), to reduce contamination (to the
upstream system), and to reduce vibration.

Duke USPAS Vacuum (January 14-18 2013) 45




Gas Conductance - Continuum Flow (2) J(uQ

> The gas throughput (and conductance) is dependent on
both the inlet’ pressure and the outlet’ pressure in most
situations, and (of cause) on the piping geometry.

> The flow usually increases with reduced outlet pressure,
by will be "choked’ when the gas stream speed exceeding
the speed of sound. .

Flow
through
an thin
orifice

Q/A

0.5
P outle 7‘/ P/'n/ef

Duke USPAS Vacuum (January 14-18 2013) 46
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Molecular Flow - Orifices |}.llrg

If two large vessels are connected by an thin orifice of
opening area A, then gas flow from vessel 1 to vessel 2 is
given by the particle flux exchange:

~ KT amn —ny=Y AR -
Q=" VAN —) = AR -F)

From definition of the conductance:

C: Q :—A /7] 172
P]._PZ 4 ID] /DZ

DUkG USPAS Vacuum (January 14-18 2013) 47
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Molecular Flow - Orifices (2) (g

With: V= \/8ka

We have: |, (m/9) =36.24 | A(nF)

where: T is temperature in Kevin' M,,,, is molecular mass in
atomic mass unit

For air (M,,,,=28.97) at 22°C:
C(m3/s)=116 A (m?°)

Or: C(l/s)=116 A (cm?)




Molecular Flow - Long Round Tube (g

3 3
c="1y9 3794 T G
12 | M

amu

where T is the temperature in Kevin, M the molecular mass
in AMU, d and | are diameter and length of the tube in

meter, with| >> d

For air (M,,,,=28.97) at 22°C:

3

C(m’/s) = 121|—




Molecular Flow - Short Tube J(uQ
No analytical formula for the short pipe conductance. But

for a pipe of constant cross section, it is common to
introduce a parameter called transmission probability, a, so

that:
C=aC,

VvV
rifice a4A

where A is the area of the pipe cross section.

For long round tube, the fransmission probability is:

QAong tube — 4C%|

vvvvvvvvvv




Molecular Flow - Transmission of Round Tube !ﬁ%‘

I/d a I/d a I/d a
0.00 1.00000 0.9 0.53898 5.0 0.19099
0.05 0.95240 1.0 0.51423 6.0 0.16596
0.10 0.90922 1.1 0.49185 7.0 0.14684
0.15 0.86993 1.2 0.47149 8.0 0.13175
0.20 0.83408 1.3 0.45289 9.0 0.11951
0.25 0.80127 1.4 0.43581 10 0.10938
0.30 0.77115 1.5 0.42006 15 0.07699
0.35 0.74341 1.6 0.40548 20 0.05949
0.40 0.71779 1.8 0.37935 25 0.04851
0.45 0.69404 2.0 0.35658 30 0.04097
0.50 0.69178 2.5 0.31054 35 0.03546
0.55 0.65143 3.0 0.27546 40 0.03127
0.60 0.63223 3.5 0.24776 50 0.02529
0.70 0.59737 4.0 0.22530 500 2.65x1072
0.80 0.56655 4.5 0.20669 5000 2.66x103

Duke USPAS Vacuum (January 14-18 2013) 51
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Molecular Flow - Transmission of Round Tube !_,t,"[g

Long Tube
Transmission
4d/3l

o
[
IIII

001

oot Long tube formula valid
= when l/d > 10

0.0001 1 | | IIIIII 1 | | IIIIII 1 | | IIIIII 1 | | IIIIII 1 | | IIIIII

10” 10" 10° 10" 10° 10° 10"

l/d
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Monte Carlo Test Particle Calculations |§"[8

> Monte Carlo (MC) statistic method is often used to

calculate complex, but practical vacuum components, such
as elbows, baffles, traps, efc.

> In MC calculations, large number of test particles
infected’ at entrance, and tracked through the geometry.

» One of such MC packages, MOLFLOW is available through
the authors.

z AXIS

Vel

o *
po=s

_/ L
OPENING 8

OPENING A




Combining Molecular Conductances IS

» The conductance of tubes connected in paralle/ can be
obtained from simple sum, and is independent of any
end effects.

Cr=C,+Cr+C53+,..,+C,

> Series conductances of truly independent elements can
be calculated.

1 1 1 1 P
R ,
G G G Cx ¢z

777e series elements must be separated by large volumes, so that

the molecular flow is re-randomized before entering next element




A Generic Vacuum System |h"rb‘

> A vacuum system consists of
chamber(s), pipes and ducts, to enable
desired process.

> A certain vacuum level (working
pressure, P) is specified.

> Both the chamber materials and the Processes —> Q
process produces gases, Q.

> Vacuum pump with pumping speed S is
installed via a conductance (C) to
achieve the reguired vacuum level.

-1/ 4 4
p:Q %ﬁ%%v
S Pump - S

eff

DUkG USPAS Vacuum (January 14-18 2013) 55
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Sources of Gases
in Vacuum Systems

Duke uspPas vacuum (January 14-18 2013) 56
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"Static” Gas Loads

l

Desorption

Backstreaming |

Permeation Virtual Leaks

Evaporation

uuuuuuuu

Mechanical Pump

57
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"Static” Gas Loads - Leaks m‘rb'

True Leaks are steady-state gas loads, which
limit the ultimate pressure of a vacuum system.

There are two categories of leaks in a vacuum system:
1. External Leaks or True Leaks (Q,)
Q. > 10-° Torr-liter/sec  laminar flow leak

Q; < 108 Torr-liter/sec  molecular flow leak

Ref. "Vacuum Technology and Space Simulation”,
Santeler et al, NASA SP-105, 1966

Duke uspPas vacuum (January 14-18 2013) 58
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_‘Static"Gas Loads -Leaks Wil
2. Internal Leaks or Virtual Leaks (Q,)

PV
R = et

where Q, = gasload due to virtual leak (Torr-
liters/sec)

P, = pressure of trapped gas (Torr)
V = volume of trapped gas (liters)

e = 2.7183 base to natural logarithm
t = time (sec)

Ref. "Vacuum Technology and Space Simulation”, Santeler et al,
NASA SP-105, 1966
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Examples of True Leaks 154N

Real leak > physical hole or crack in vessel wall, and/or
faulty joint allowing gas to enter the vessel/

Leaks through a vacuum vessel wall

Long leak path Intermediate volume

Scratch sealing surfaces,
or rolled/nicked knife-
eage, efc.

Duke USPAS Vacuum (January 14-18 2013) 60
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Examples of Virtue Leaks 154N

Virtue leak > A virtual leak is a volume of trapped atmos-
pheric gas that leaks into the vacuum vessel through
holes or cracks that that do not go all the way through
the vessel wall

Vacuum

T I

Atmosphere

Unvented Screw

Vacuum 7
s i Y T / S
Atmosphere Vacuum
Two Welds in Series Unvented Double O-rings

Duke USPAS Vacuum (January 14-18 2013) 61
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Venting the blind holes 154N

Drill Thru-Hole
In Screw

Drill Vent Holes
In Plece

Grind Flat Side
On Screw

Center-vented and edge slot-vented UHV ready
fasteners are readily available for most commonly sizes

Duke USPAS Vacuum (January 14-18 2013) 62
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Evaporation 1548

Q. =3.639 %(PE -P)A

where Qr = gas-load due to evaporation (Torr-liter/sec)
T = Temperature (K)
M = molecular weight (grams/mole)
Pr = vapor pressure of material at the temperature
P = Partial pressure of evaporating molecules
A = surface area of evaporating material (cm?)

Material vapor pressure (Pg) is a strongly dependent on

temperature T

Duke USPAS Vacuum (January 14-18 2013) 63
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Vapor Pressure - Antoine Egua tion Ih";&

B Coefficients A, B C are
|Og 10 PE = A measured for finite
+ femperature ranges
C+T p g

—
o |
D

I I ]IIIIIIIIIIIIIIIIIIIIIIIIII

Ilyil
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o |
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N
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(0]
[

Vaopr Pressure (Pa)

—
o
[
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Diffusion from Solid |ﬂ‘r9

Diffusion: Transport of gas dissolved in the solid to the
interior wall of a vacuum system and followed by desorption.

@ 17 6k

E 1 N4 i

(.u 10 W%ﬂ i | | “6

o T Q-

; 10‘3 B 1/2 1 c

2 e \ S 4k

5 107 ©

£ =

© L o))

= 10 O

-

c 10' - - - L -

8., e-at

O -11 LI 1l

=z 10 2 3 4 ,.5 0

pd t 10 10 107 10" 107 .0.0025 0 +0.0025
Time (s) Thickness {m)
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Thermal Desorption (Outgassing) IS

( Heat-stimulated release of gases or vapors adsorbed
on chamber walls (from exposure to environment, or
reached inner surfaces by diffusion within.

> Physisorption - molecules bonded weakly to the
surfaces by van der Waals forces, with typical bonding
enerqgy < 50 kJ/mole (0.5 eV). Most condensed gases

(such as top layers of water molecules) are physisorption
/n nature.

> Chemisorption - molecules bonded to surfaces at much
higher energies are chemisorbed.
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> Zero-order desorption - from multi- dn
layer of molecules. This is equivalent =K,e kT
to evaporation, with a constant rate: dt

> First-order desorption - when less
than a monolayer, non-dissociative dn t
desorption. A exponential dependence |—— = I, Ke’
rate of desorption is predicted: dt

» Second-order desorption - diatomic »
molecules desorption, such as dn _  —-K,n;
hydrogen on metal surfaces with . 2
recombination prior to the at (1 1, Kzt)
desorption:
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Thermal Desorption - Real Surfaces 148

> In most real vacuum systems, the observed thermal
outgassing rate usually varies as:

_ Y9
qn tan

witha, =05~ 2.0, while a, ~ 1
commonly measured.

Outgassing Rate (Pa-m/s)

0.1 1 10 100 1000
Time (h)

> Thet 7 trend has been explained as a result of averaging
over desorptions from multiple surface bonding states
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Reduction of Outgassing by Bakeout m%

> It is well known that bakeout of a vacuum system can
significantly reduce the thermal outgassing.

> The baking temperature should be sufficiently high to
overcome the binding energy of adsorbed molecules on
surfaces. For example, 3120°C is needed for removing
adsorbed H,O on most metal surfaces.

> When baking vacuum system, it is imperative that all
surfaces be baked. Any cold surfaces (even a small
portion of) will contribute exceedingly large gas flux.

> For many UHV system, high-temperature firing of
material (especially stainless steels) is proven to
reduce dissolved gas in bulk, thus significantly reduce
out-diffusion time and thermal outgassing
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Measuring Outgassing Rate - Why )

> Though there are massive amount published
outgassing rate data for most commonly used
metallic and dielectric materials, these data
should be taken with caution.

> In most accelerators, specialty materials
(insulators, RF absorbing tiles, etc.) are used
at unusual conditions.
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Measuring Outgassing Rate I%

> Throughput method - Gas from test
samples or chamber flow through a
defined conductance, usually an orifice, Test
to a vacuum pump Chamber
5= CLP() N
A .

> Rate-of-rise method - Seal of f test
chamber to allow pressure build-up

q_V(APj l
A\ At Pump
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Load-Lock -EF

Q = COrifice Pl - Pz)

Ion
Pump
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Some Unbaked Metal Outgassing Rates !ﬁ%‘

Material dg; a, dio0 a0
(107 Pa-m/s) (107 Pa-m/s)
83 10 43 09

Aluminum (Fresh)

Aluminum (anodized) 3679 0.9 429 09
Copper OFHC (fresh) 251 13 4.8 10
Copper OFHC (polished) 25 11 2.2 10
Stainless Steel 192 13 18 19
Titanium 53 10 49 10

Ref - A Schram, Le Vide, No. 103, 55 (1963)
Note - There are wide spread of outgassing data for similar materials

g, = -2

o n - hours of pumping
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Outgassing Rates of Baked Metals 1548

Material Treatment q
(101 Pa-m/s)

Aluminum 15-h bake at 250°C 53
Aluminum 20-h at 100°C 53
6061 Aluminum Glow discharge + 200°C bake 13
Copper (OFHC) 24-h bake at 100°C 2.9
24-h bake at 250°C 018
304 Stn. St/ 20-h bake at 250°C 400
2-h 850/900°C vacuum firing 27

From: J. O'Hanlon, "A User's Guide to Vacuum Technology”, 379 Ed,
Appendix C.1
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Example - Measured O-Ring Outgassing !ﬂ‘[ﬁ

Viton O-Ring Outgassing vs. Air Exposure Time

N BN o " 10" g ———r—rrrrr—
3 10'32
w 4
E (0¥ b 24 Hour Exposure m.f -
% 16 Hour Expo :
i 7 Hour Exposure \ 107 = o 2 °*%6 g ¢ t4se 4
s N, Air Exposure Time (minutes)
1" F =
=
=
2
2 wE E
w3
ap
=
»)
=0 Viton, #2-221
2 | Q=00 umpgoun (Corrliter/sec) (1 422505115 0.139" Width)
A i - 3 . ) U.
[10'0=2.4x10°(1-exp(-0.0018 t., .. )) ol 2 CIP
ll:l—'il el 1 L3 a3l L 3 3l 1 L 313l L PR R R B I A

lis 10 1 10

Dul Pump-Down Time (minutes)

LHZLY SCEDNAC B&I:0-RingOutgassing:0-Ring Outgasdng 05053 Graph0_Ring Outges_dak]
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Permeation |h".5‘

Permeation is a three step process. Gas first adsorbs on the outer
wall of a vacuum vessel, diffuses through the bulk, and lastly desorbs

from the interior wall.

Factors influence permeation rate:

“» Material combination T
< Temperature Atmosphere
s Permeation thickness (d) -
“» Gas type and pressure differential (AP) g -
~
K AP |7
Qp _ q P A d A Vacuum

A

In SI, the permeation constant K, has a unit of m?/s
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Permeation - O-Rings I
Q, = 0.7FD(AP)K(1 - SY

leak rate (std cc/sec)

F = permeability rate for a specific gas through a
specific elastomer at a specific temperature
(std cc-cm/cm? sec bar)

3
=
®
=3
®
0
I

D = o-ring dia. (in)

AP = pressure differential across o-ring (psi)

K = factor depending on % squeeze and lubrication
(see next slide)

S = % squeeze

Ref. Parker O-ring Handbook

Permeability rates of various gases for many commercial
polymers are tabulated in Parker O-Ring Handbook.
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Example Calculation of O-ring Permeability !ﬁl"l}

What is the approximate He and N, permeability rates
through a 10” diameter Viton O-ring (no lubrication,
with a 20% squeeze) at a Ap = 14.7 psi?

D=10" K=135 (see insert) S5=0.20
Fre=13.0x10°%; Fy =3.0x10°% (std.cc/cm?-sec-bar)

-
|

Y -

Q. = 1.2x107° std.cc/s G;:—_ = —
= 8.8x10°¢ torr-1/5 pe———

_ LUBRICATED RING |

Qn, = L.6x107 torr-I/s 7 — sousomnesa| ————

' VACUUM GREASE |

I

B

M

e s e PN S ——
[R—

, ] — ———

0 20 0 a0 50
PERCENT SQUEEZE
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Ultimate Pressure (Static) I

T 1
Volume

'E"_" e—u;t ]

& Surface Desorption

Q (t") ]

=

© lefu%iﬂn 7

2 (%) :

(o h] .

& S N P ermeation|
—-J-.l— i l—— | -~ l.. | ]

TIITIE (Logqo 1)

P = Poe_s% + chermal + QDifoSiOﬂ + QPermeation
S S S
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> 1In particle accelerators, energized particles (ions, electrons and
photons) may impinge on vacuum vessel interior walls, and induce
desorption of adsorbed molecules. In most cases, fhes'e a’ynam/c

gas loads are dominate.
>  Two possible mechanisms:
> Direct knock-out’via impact. This is usually
for physisorbed multilayer molecules and
atoms 20
> Desorption induced by electronic transition s
(DIET), where a binding electron of the
chemisorbed molecule is excited in an
anti-bounding state.
> There is a desorption enerqy threshold

of ~10elV : vl %

28[-

i
T T T

FRANK =
CONDON
REGION

a
T

//24//7/'{/

POTENTIAL EMERGY (ev
T

> Desorbed species are dominated by i \
neutral atoms and molecules, with [ : voro
only a fraction (10 ~ 104) of ions. 1 T e L
e
%eq
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Induced Desorptions - Parameters 1§48

> Desorption Yield - number of
desorbed molecules (N, ) of _ N m
a given gas species per /7 N
incident particle (N,): N i

> The yield measurement often requires dedicated setup,
in order to quantify both the desorbed molecules and
the incident particle flux.

> "Conditioning”- the yield of
induced desorption usually n=n D4
decreases with accumulated O
dose (D,) of the particles as:
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Ion Induced Desorption (IID) 151

> Relatively low enerqgy (~ kel/) ions are
routinely used to clean surfaces via
IID.

> IID can have significant detrimental
impacts on the performance of ion
beam accelerators, such as RHIC at
BNL, ISR & SPS at CERN.

» IID usually is associated with very high
yield.
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STAINLESS STEEL (HEASUREHENTS BY A MATHEWSON}

L4

IID by >N+ beam (low ion energy)
From: V.V. Mathewson, CERN-ISR-VA/76-5 (CERN,
Geneva, 1976)
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ITD - Dependence on Ion Energy (2)

LD

—@—H2 - Copper =4O - H2 - Aluminium
—ib— C0 - Copper === = GO - Aluminium
—0—Co2 - Copper -{F-Co2 - Aluminium
10 — —{— CH4 - Copper _ = === CH4 - Aluminium  |_
[ | —V—C2HE - Copper | ==~ C2HE - Aluminium |

—@— H2 - Copper
—d— CO - Copper
—— C02 -Copper
—— CH4 - Copper
—— C2HE - Copper

X46mk o

- HZ -Aluminium

- CO -Aluminium

- CO2 -Aluminium

* CH4 -Aluminium
- C2HE -Aluminium
* C2H2 -Aluminium

—¥— C2H2 - Copper

lon induced desorption yield {maolfion)

lon induced desorption yield (molfion)

As-received
T T 0.1

0.1

2 3 4 5 6 7 8 5
Argon ions energy (keV)

Argon ionsenergy (keV)

o I <> __________________ ¢,
200°C Baked @ )

IID by Ar* beam (high ion energy)

From: M. P. Lozano, Vacuum 67 (2002) 339
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IID - Heavy Ion Beams (52 MeV/u Pb53+) 11§

IID of multi-layered
physisorbed molecules
LOXN 1.6x10” 1.6x10™

Dose [ionsfcmz]

IID of Chemi-
sorbed molecules

|.6x|{,y

T F=-=I_ I

g | -7
107" = -
L7 o
/_ o . o i
/!
I X e e g
| | —
\ o
105~
5 S s—
[ it ~ -
% - not polished, not coated
IO-‘:? | 1#1 ; chemically etched (50 pim) s
r o 1#2 ; after venting + 300°C bakeout
1#3 : Ag coated (2 pm)
- E#2: electropolished (150 pm)
- E#3: Au coated (30 yum)
F - chemically etched (50 um)
'ID—"D RO W T T 8 - il
0.01 0.1 1

E. Mahner, et al, Phys. Rev. STAB, 8 (2005) 053201 ~ Beam time [h]

uuuuuu

1.6x10!!

1 2x10*
—t
- 4]
4 2x10° =
- —
=
=3
[§"]
7]
=3
&
2 T
. 12x10°  =°
N =
N\
A
E
' ' 2x10/



Electron Induced Desorption (ELID) |h“r8

» Most studied in accelerator community,
related to the study of desorption
mechanisms

> Direct EID process becomes significant in
the regions of accelerators where electron
multiplications can occur, such as in RF
cavities and couplers, electron cloud’ build-
up in positive charges beams (positrons,
protons and ions, etc.)

>  Much lower yield as compared to IID
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EID - Dependence on Electron Energy (Copper) !h%‘

1.E+01

1.E+00

1.LE-01

1.E-02

1.E-03

1.E-04

_ — - H,
A = €O
/ e L, CH,
) T e ——————— —4  CO
s e CH,
f// - -
. Gas Threshold
energy (eVv)
H, 12.7
T T T T T T CH_1 7.5
50 100 150 200 250 300 | co -5
ELECTRON ENERGY (eV) C,Hg 114
CO, 9.1

Variation of EID yield with electron energy on copper surfaces

(from: F. Billard, et al, Vac. Tech. Note 00-32 (CERN, Geneva, 2000)
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EID - Dependence on Electron Energy (A /um/humjﬁs

e e rrrevrrrey v rerey vl

e Measured before bake-out
o After bake-out (24 hrs 300° C)
— — Approximation

el. —induced gas des. yield

= Ry

cowl vl el s vl
100 10’ 102 103 10%
7-96 Ee (QV) B195A8

EID yield vs. electron enerqgy on pure aluminum
(from: Frank Zimmerman, SLAC-PUB-7238, August 1996)

Duke USPAS Vacuum (January 14-18 2013) 88

vvvvvvvvv




EID - Dependence on Electron Dose b

L 'llll'|‘|"|l F LN L L r'lrlll'-
SS3I6LN  (g) | Al T=38°C (@)

1wt b o T=36°C -

!

Desorption Yield (molecules/electron)
oA
-
-3
b
B
- 4
+ b
+*
*
 F
¥
8 & I
F mfy
[ . FPRTTT EEFEP T T :
Desorption Yield (molecules/electron)
3
-3 o
-3 -
B <
-] <
-3 a0
O *0
[+ ] »0
f

10! 3 + T 10
E o+ -] I—[,2 a
4 CH, *‘_ & CH,| + + o+ o4 ++‘H'+-l- 1
10 - + HO _ +4 o 3 1wl . H,0 #m E
3 * CO & 7 e CO 3
L ¢ €O, ¢ CO, \ ]
m-:um = l“u‘:n = m;::u "::u m-:uu = .1.1::" — “:u 109
Dose (electrons cm?) Dose (electrons cm?)
02 ey y—r T T —
z 1 LI ] OFHC Cu (a)
g [ oo T=40°C
R Rt eld vs. el d
g | R —— EID yield vs. electron dose
% 104 '-‘l 2 8 aaa QQN% .-:ﬁ El
3 *a, \ \“"% o (from: J. Gomez-Goni , A. 6. Mathewson
2 L .
A S Thah o1 T Vac Sci. Technol A 15 (1997) 3093
2 &
B & CH, s
§ 10k | & co %h" &
2 o co, A
10—? -1|||| & 2 & sy aaal i L5 s saaal J£_L
—— 10" 10" 10"
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Photon Induced Desorption (PID) 151

>  Considerations of PID process is important to
the design and operations of synchrotron light
sources and electron/positron storage rings,
due to the presence of very high intensity of

synchrotron radiation.
>  The PID has many features similar to the EID.
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Synchrotron Radiation IS
> When the trajectory of an
electron or a positron is bended e 235 keV] 375 kev|
(by a magnetic field), the e '
electron or positron will radiate ;Xv\ E
photon, with broad spectrum. ' :

(S
o
—
H
[

—_
w

> The SR spectrum may be
characterized the critical
energy, E_..

—
n

(S
o

- CESR dipoles
- 0 =31.65m (HB)
L 0 =87.89m (NB)
L 0 =140.6 m (SB)
Ll L ol Ll L

E_(keV) = 2.218x Egecron (GEV)
p(m)

Photon Flux @5.26eV-300mA (ph/s-mm)

—_
—_

—_
o

10° 10° 10*
Photon Energy (el)
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Synchrotron Radiation Flux “i"rg

> Total SR flux may be calculated as the following:
[ (ph/seciinA) =8.08x10"' E

beam
2

> The SR is highly collimated, with angular spread
~1/y (v = Ebeam/ Erest)




S chhm tron Radiation Power “i"rg

> Total SR power may be calculated as the following:
E*(GeV) Aa
R(m) 2
> The SR is highly collimated, B
with angular spread ~1/y

(V= Epoor/Erosr’ v=10° for 5
Gel electron beam)

P(W / mA) = 88.5

> SR power density impinging
on a vacuum wall can be by
very high.
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PID Yield vs. SR Energy

LD

,-\ -

.gl l()l E | 3 1] 1]]"'1 | i Dbk B i B i L] L] LI ILARAI L] L BAA L ’ LI N B

5 i 4 EPA

5 :
X A DCI =

5 102 L m Lep n

iy e AN

E o "A.

—’ 3 ® A

o 10~ | A -

2 .

>y

g oaf

] 10

< |

L 5

Q 10‘ l od I Al lLL I T 3 LA 1 4411 Lok d d ot i d a1 c]
10 107 10° 10 10° 10"

Photon critical energy (eV)

From: O. Grobner, CERN Accelerator School: Vacuum Technology, 1999
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PID Yield vs. SR Dose - 6063 Aluminum  |§1%

F AQUMDTUM

W e oo ¢ owde s p oo m)

10°% b
L H
.j

107 1 ) T ™) ¥
10 10" 10° 10 10~ 10

Doze (photons'm)
From: O. Grobner, CERN Accelerator School: Vacuum Technology, 1999
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PID Yield vs. SR Dose - 304L stn. st |\

| p——

NON DEGASSFED STAINLERS STEFL

3
10 T
£
“
| H.
&
‘E N - )]
CH i
i
il e B 2 @ 0B 2B al
10° 10 10 10 10° 10*
Dose (photons.'m)
From: O. Grobner, CERN Accelerator School: Vacuum Technology, 1999
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PID Yield vs. SR Dose - Copper !ﬂ‘[s

107! : ,
1072
&
S
£ 408
®
g
€10
=
=
= Run #2 G
107 SSC  Unbaked 0
Cu Hitachi €10100 © o
@ o
w.sr Lt et g S RE

198 10  10® 10 102 108 0¥
Accumulated Photons {m-1)

From: C.L.Foester, J. Vac. Sci. Technol., A 12 (1994), p.1673
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PID Vield vs. SR Dose - CESR Aluminum !ﬂ‘[s

Accumulated Photon Dose (ph/m)

a
E 1022 1023 1024 1025
s « 1 1 1 1 1 |_||_| 1 1 1 1 | L] I 1 1 1 1 | L] I 1 1 1 1 1 LI I
= - . H4 4
S I < # + 0.75

LIS . j:'; “ _ - U.
c w'g A ot T Fit: dP/dl = 23120 x Dose =
& C ]
O B i
Q = —
-
G u -
e
O
v 10 F =
- - ]
® ]
(D] | i
R%)
m - -
E 2 L]
7 0'E
(72 n
9 B H &

- X g WA RS
o i + Alum (Q15W) X Alum (QI5E) # Alum (QI5E_Oct2012) |'% + “Hgited ) g
3 I O aC(Ql5E) @ a-C(Q15W-2009) 4 a-C(Q15W-2011) ¥ e
O A TIN(Q15W) A TiN(Q15E) w TiN (Q15W Oct2012)
3 .1 B DL-C (Q15E)
c 10 F
E [~ 1 1 1 L1111 III 1 1 1 L1 IIIII 1 1 1 L 11 III 1 1 1 L1 IIIII
8 0.01 0.1 1 10 100 1000
m

Accumulated Beam Dose (AmpeHr)
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