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Schedule & Grading 1545

O Monday - Fundamental (Session 1) and Gas Sources (Session 2)
0 Tuesday - Instruments (Session 3) and Pumps (Session 4)
1 Wednesday - Pumps (cont.) & Vacuum Hardware and Fabrications (Session 5)

O Thursday - System Engineering (Session 6.1) and Vacuum Calculations (1D and
MolFlow demonstrations)

O Friday - System Integration (Session 6.2) and Beam Vacuum Interactions
(Session 7)

“*» There are daily homework, must submitted by Friday (if not earlier), for grade
students
*» No final exam. Grade will be based on class participation (607%) and homework (407)

Demos: (1) Tuesday 4pm (MKS Instruments); (2) Wednesday 4pm (Agilent Vacuum)

N1 USPAS Vacuum (June 17-21 2019) 6



SESSION 1: VACUUM FUNDEMENTALS

 Vacuum definition and scales
» (Gas properties and laws
 Gas flow and conductance
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The Basics
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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

USPAS - Vacuum Fundamentals




Accelerator Vacuum — highly interdisciplinary I

Mechanical Fluid

Engineering

Mechanics

Accelerator Vacuum W

Science and Technology
Surface
Sciences
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Units, Scales & Molecular Densities

S| Pressure Unit: Pascal (Pa) = N/m?
Other commonly used units: Torr (mmHg) = 133.3 Pa
mbar = 100 Pa = 0.75 Torr
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Extreme High Vacuum | photo-cathode electron sources (Cornell, JLab, BNL,),
(P < 101 torr) High intensity ion accelerators (RHIC, GSI, ...) etc.

Ufira-rlicir) Vaetitrr
(102 io 10" iorr)

Storage rings, e’/e* colliders, surface sciences, etc.

C Device fabrications, medical accelerators, LINACS,
(10 to 10 torr) mass spectrometry, SEM, etc.

Medium & Low Cryo insolation vacuum, thin film coating, vacuum
Vacuum furnaces, beam welders, etc.

I{]VI.T USPAS Vacuum (June 17-21, 2019) 12 A



Dry Air Composition and Molecular Mass !.h"lﬁ

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 0.016
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

N USPAS Vacuum (June 17-21, 2019) 13



Water Vapor in Alir !.h"rﬁ

« 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 40%
1 = 1) . - T
(‘humid’-air is less dense!) g

« Water content in air is usually expressed in g 0%
. . . <t
relative humidity (¢): E

gi‘.ﬂ%
ppi,0 :
—_ 4% 5

P = —> x 100%
PPy 254t :

0.0% - t
-60 -40 -20 0 20 40
Tenperature C
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Gas Properties & Laws
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Kinetic Picture of an Ideal 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

N1 USPAS Vacuum (June 17-21, 2019) 16



Maxwell-Boltzmann Velocity Distribution !_;‘n"[s

dn 2N ( m \3/2\/26_(%sz
dv 7%\ 2kT

V - velocity of molecules (m/s)
dn - number of molecules with v between v and v + dv
N - the total number of molecules

Im — mass of molecules (kg)
Kk - Boltzmann constant, 1.3806503x10%3 n¥ kg s? K

I' - temperature (Kelvin)

N USPAS Vacuum (June 17-21, 2019) 17



A Close Look at Velocity Distribution !_H’[s

Air @ 25°C

=
o
T

0.8

0.6F -

0.4} .

dn/dv (arb. unit)

0.2F -

0 200 400 600 800 1000 1200 1400
Velocity (m/s)

 Most probable velocity (m/s): V, = Nz =128.44 %Amo.e
« Arithmetic mean velocity: Vag = \/8kT/7zm :1'128Vp

» Root Mean Squared velocity: V.o =3V}, =1.220v

0.0

Velocity depends on mass and temperature, but independent of pressure
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/ P | KT B is the isentropic
Vsound = 7/; = F where Y _CP/CV eXPGHSiOH factor

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

Mono - Di- Tri-
atomic atomic atomic

sound 1.10 1.19 1.24
vavg/vsound 1.24 1.34 1.39
Vrms/vsound 1.34 1.46 151

Though not directly related, the characteristic gas speeds
are close to the speed of sound in ideal gases.

N USPAS Vacuum (June 17-21, 2019) 19



Molecules Move Faster at Higher Temperatures !_h"[s

T=0°C Alr -
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Lighter Molecules Move Faster I

(\ I'=300K
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Maxwell-Boltzmann Energy Distribution !H"[ﬁ

dn 2N E% [ZETJ

dE 72 (kT)% °

* Average Energy: Eovy = 3kT/2
*  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 !

TuT 5"¢s a%”""—:
NV]; USPAS Vacuum (June 17-21, 2019) 22



Mean Free Path !.!tl"la

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)

I{]V_[.T USPAS Vacuum (June 17-21, 2019) 23 (o)



Mean Free Path Equation !.ltluls

ﬂ/: —

A - mean free path (m)

d, - diameter of molecule (m)

n - Molecular density (m-3)

T - Temperature (Kevin)

P - Pressure (Pascal)

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

N USPAS Vacuum (June 17-21, 2019) 24



Mean Free Path — Air @ 22 <C !_h"[ﬁ

2(cm) = 0.67  0.005
P(Pa) P(Torr)

N N N

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

For air, average molecular diameter = 3.74 x108 cm

RN
USPAS Vacuum (June 17-21, 2019) 25



Properties of Some Gases at R.T. I

Properties H, He CH,

1.46 0.65 1.20 0.71 0.64 0.58 0.89

2 Vag - Mean velocity
- d, : molecular/atomic diameter
-2 A - Mmean free length at atmosphere pressure

=2 @, - mean collision rate, @,y = Vavg ! Aatm

N USPAS Vacuum (June 17-21, 2019) 26 i)



Particle Flux

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

Kinetic theory shows the flux as:

where n iIs the gas density

Particle flux is helpful in understanding gas flow,

pumping, adsorption and desorption processes.

USPAS Vacuum (June 17-21, 2019)
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Particle Flux - Examples 149

“n Particle Flux (m2.s1)

om) L LR RO QO €O, e

2.5x10% 1.1x10%8 3.6x10%7 2.9x10%7 2.3x10%7 1.7x10%
106 3.2x1016 1.4x101° 4.8x1018 3.8x1018 3.1x1018 2.2x1018

109 3.2x1013  1.4x1016 4.8x101> 3.8x101> 3.1x10%> 2.2x10%15

Typical atomic density on a solid surface: 5.0~12.0x1018 m-2
Thus monolayer formation time at 10-° torr: ~ 1-sec !

A commonly used exposure unit: 1 Langmuir = 10° torr-sec

N1 USPAS Vacuum (June 17-21, 2019) 28



The Ideal Gas Law 1545

- v molecules striking a unit area, with projected velocity of v, exert an impulse, or

pressure, of: .
P= ZmZ v,V
-> Integrate over all velocity, based on kinetics, =
_1 2
P = 3 NMV (A)

- The average kinetic energy of a gas Is:

_ 1 2 _ 3
E—Emvrms—ng (B)
- Equations (A) and (B) results in the Ideal Gas Law:

P =nkT

N USPAS Vacuum (June 17-21, 2019) 29



Gas Laws !.h”rﬁ

Charles’ Law
Volume vs. temperature

Boyle's Law
Pressure vs. Volume

Avogadro’s 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

N1 USPAS Vacuum (June 17-21, 2019) 30



Charles’ Law !ﬁ"lﬁ

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

Frozen: Mass & Press.

Vi
Tl

(N, P Constant)

USPAS Vacuum (June 17-21, 2019)



Boyle's Law IS

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

10 —r—r—r

Volume (liters)
I »
,//____,....---""

P1V1 — I:)2\/2

(N, T Constant) 2 \\

--.._______‘_‘_-

0 2 4 6 8 10

Pressure (Torr)

1{]\/_[.7 USPAS Vacuum (June 17-21, 2019) 32



Finding volume of a vessel with Boyle's Law !_;tl"[s

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

N USPAS Vacuum (June 17-21, 2019) 33



Avogadro’s Law IS

4 Equal volumes of gases at the same temperature
and pressure contain the same number of
molecules regardless of
their chemical nature and physical properties

— = (P, T Constant)

N USPAS Vacuum (June 17-21, 2019) 34



Avogadro’s Number I

(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 10?3 mol-!
V., =22.414 L/mol

Definition of mole: (to be obsolete in new SI system!!)
the number of atoms of exact 12-gram of Carbon-12

Among other changes in the new SI, N, will be set to be an
exact value as shown above, and mole will be redefined.

N1 USPAS Vacuum (June 17-21, 2019) 35



Partial Pressure - The Dalton’s Law brh

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

I:)total — p1+ p2 Tt pn

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

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

total

N USPAS Vacuum (June 17-21, 2019) 36



Thermal Transpiration IS

At molecular flow (1 >> d), gas
flux through an orifice:

£8kn,zj%: P,
4 m (anmTl,Z)%

» Temperature gradient causes mass flow even without pressure gradient (thermal diffusion),

» OR in a steady state (zero net flow), a pressure difference exists between different
temperature zones.

|:>1 '|'1 This can be used to infer the pressures within
— = [— furnaces or cryogenic enclosures with a
P, ) vacuum gauge outside the hot/cold zone.

N USPAS Vacuum (June 17-21, 2019) 37



Graham's Law of Gas Diffusion I

Considering a gas mixture of two species, with molar masses of M; and M,. The
gases will have same kinetic energy:

1 2 1 2
?Mlul —EMzuz

U

U, M,
Assuming diffusion rate is proportional to the gas mean velocity, then rate of
diffusion rates:

4 )
I M ) Graham'’s law was the basis for separating 3°U and
— = |——| | ?38U by diffusion of 23°UF, and ?38UF gases in the
I, M 1 \Manhattan Project. y

N USPAS Vacuum (June 17-21, 2019) 38



Elementary Gas Transport Phenomena |0

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

n = 0.499nmvA (Pa-s in Sl)

- Thermal Conductivity - molecular energy transfer

1
K :Z(97/—5)77CV (W/m-K in SI)

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

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

No longer ideal gas, as internal energy of a molecule is in play

N1 USPAS Vacuum (June 17-21, 2019) 39
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Gas Flows
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Gas Flow Regimes - Knudsen Number IS

QCLVRY

-
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,

ﬂ/ < Mean free path

N o Characteristic dimension of
a. ) flow channel (such as, a pipe’s

diameter)

N USPAS Vacuum (June 17-21, 2019) s



Turbulent

- Viscous Flow:

Characterized by molecule- K — i <0.01 s Q,
molecule collisions " 3 ' S
> = N
e —» —» C_
=
0
> Transition Flow: 0.01<K_ <1.0 o
a
- Molecular Flow:

Characterized by K, >1.0 !‘,ﬁ%r‘

molecule-wall collisions

Molecular

N USPAS Vacuum (June 17-21, 2019) 42



- The character of the flow is Process Chamber
determined by gas-gas collisions

- Molecules travel in uniform motion Rough

toward lower pressure, molecular Valve
motion against’ flow direction unlikely

> The flow can be either turbulent or Rough
laminar, characterized by another Line
dimensionless number, the Reynolds’
number, R é) ."'f{ ¥ “— Rough

USPAS Vacuum (June 17-21, 2019)



Reynolds’ Number, Re is the ratio of inertia vs. viscosity

U U - stream velocity
Re = 'Od p - gas density
n d - pipe diameter
n - viscosity

= Laminar Flow: zero flow velocity at wall

R < 1200

- Turbulent Flow: eddies at wall and strong mixing

R > 2100

N USPAS Vacuum (June 17-21, 2019) 44



Throughput IS

p
Throughput is defined as the quantity of gas flow rate, that is, the

volume of gas at a known pressure passing a plane in a known time

TuT g‘ys a%”""—:
NV USPAS Vacuum (June 17-21, 2019) 45



Gas Conductance - Definition

P2

Q

— P,

P, > P,

> The flow of gas (throughput) in a duct or pipe depends on the pressure
differential, as well on the connection geometry
- The gas conductance of the connection is defined:

C =

Q In ST unit: m3/s

PZ_Pl

Commonly used: liter/s

USPAS Vacuum (June 17-21, 2019)
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Vacuum Pump - Pumping Speed  Wil§

QCLVRY

> Defined as a measure of volumetric displacement rate, (m’°/sec,
cu-ftymin, liter/sec, etc.)

> :d%t

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

dV
—P.—=P-S
? =

SeBi)
N USPAS Vacuum (June 17-21, 2019) 47



I/'s Conductance
10°

 Independent of pressure
in the molecular flow
regime

* proportional to the mean
pressure in the viscous
flow regime

 Knudsen flow represents
a transition between the
two types of flow, and
the conductivities vary

104 10° 102 10" 1 10" 102 10° 10* 10° with the Knudsen number

Pressure Pa

i

Molecular flow
Transitional area
Viscous flow

10" -

NI USPAS Vacuum (June 17-21 2019) 48



Gas Conductance - Continuum Flow !}Hﬁ

» 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.

> Direct simulation Monte Carlo (DSMC) codes are widely used to calculate
the flow in the region.

> 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.

N USPAS Vacuum (June 17-21, 2019) 49



Gas Conductance - Continuum Flow (2) !_,‘,'ﬂ}

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

» The flow usually increases with reduced
outlet pressure, but may be "choked’ when
the gas stream speed exceeding
the speed of sound.

Q/A

Flow through
a thin orifice

For Air 0.0 05 10
Qchokea = 15.7 - d(cm)? - Prpec (mbar) Poutiet’ Pintet

N USPAS Vacuum (June 17-21, 2019) 50



Molecular Flow - Orifices !_utl"'[s

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:

k V
Q — TVA(nl - nz) — Z A(Pl - Pz)

From definition of the conductance:

N USPAS Vacuum (June 17-21, 2019) 51



Molecular Flow - Orifices (2) !}l"[s

ENA Coiie (M° /) = 36. 24J L Am?)

M

amu

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)=11.6 A (cm?)

SeB
N USPAS Vacuum (June 17-21, 2019) 52



Molecular Flow - Long Round Tube |,‘,",ﬂ
From Knudson (1909)

3 3
co 4 3794 | T 0
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(m3 / S) :121T

N USPAS Vacuum (June 17-21, 2019) 53



Molecular Flow - Short Tube !_h"[s

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, ¢, so that:

C=aCyiie = — A

v
A

where A is the area of the pipe cross section.

For long round tube, the transmission probability is:

along _tube = 4%|

N USPAS Vacuum (June 17-21, 2019) 54



Molecular Flow - Transmission of Round Tube !_,‘.",{}

|/d a l/d a l/d a

0.00  1.00000 09  0.53898 50  0.19099

005  0.95240 1.0 051423 60  0.16596

010  0.90922 11 049185 70 014684 ([ p )
0.15  0.86993 12 047149 80  0.13175 o = 1

020  0.83408 13 0.45289 9.0  0.11951 1, \A2
025  0.80127 14 043581 10 0.10938 Ay + ( / d)
030  0.77115 15  0.42006 15  0.07699

035  0.74341 16 0.40548 20  0.05949 |

040  0.71779 1.8 0.37935 25  0.04851 with

045  0.69404 20  0.35658 30  0.04097 A, =1.0667
0.50  0.69178 2.5 0.31054 35 0.03546 A, =0.94629
055  0.65143 3.0  0.27546 40 003127 -

060  0.63223 35  0.24776 50  0.02529

070  0.59737 40  0.22530 500  2.65x1072

0.80  0.56655 45  0.20669 5000  2.66x10°3

NV USPAS Vacuum (June 17-21, 2019) o



Molecular Flow - Transmission of Round Tube Ih"[s

1
> Long Tube
E Transmission
e 4d/3|
Q 0.1
e
o
e
Q_
g 0.01 Fit function (1/d< 50)
g A
A2 T(%): n A,
8% A+ (1)
E A1 =1.0667 + 0.00213
‘é 0.001 A2 =0.94629 + 0.0023
S
— Long tube formula valid when I/d > 10
0.0001 | [ [ lllllll [ [ lllllll [ [ lllllll [ [ lllllll [ [ lllllll [ [ 1 1 061 ]
107 10" 10° 10" 10° 10° 10"
l/d
‘_:‘-,5 0.5 |— -+ + v, . ]
= 0.0 — ++++_._+ +++_,_,....-.-H""' + T + + 4+ 4 44 4 —
E - 0.1 1 10
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Gas Conductance of Rectangular Ducts !_h"[ﬁ
C — arect (b’ C, I) C0

C, is the entrance aperture conductance;
%..(D,C,l) IS the transmission probability,
depending on geometry and length

of the duct

C, =3.64bc(T/M )

C, in liter/sec; b, c are height and width of the duct in cm
T is gas temperature in Kevin; M is the molar mass of the gas

REF. D.J. Santeler and M.D. Boeckmann, J. Vac. Sci. Technol. A9 (4) p.2378, 1991
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Transmission of Long Rectangular Ducts !}.";8

For a very long rectangular duct, the transmission probability can be calculated by
the modified Knudson equation:

o 8bcK 1
" 3l(b+c) 3L@1+R)/8KR

where L and R are defined as:
L=Y  R=¢(c>b)

and K is a correcting factor reflecting geometrical shape of the duct

c

1.0 1.5 2.0 3.0 4.0 6.0 8.0 120 16.0 24.0

K(R) 1.115 1.127 1.149 1.199 1.247 1330 1.398 1.505 1.588 1.713

REF. D.J. Santeler and M.D. Boeckmann, J. Vac. Sci. Technol. A9 (4) p.2378, 1991

NV USPAS Vacuum (June 17-21, 2019) 58



Transmission of Rectangular Ducts

Short rectangular duct
1

o. =
* 1+L@+R)/2R

(Medium) Long rectangular duct

o = ] L
+3L(1+R)/8RK

Rectangular duct of any length - empirical equation

1+D(L/R)"

o =

Wa,)+ DL RF e

where D and E are fitting parameters

USPAS Vacuum (June 17-21, 2019) 59

155



Transmission of Rectangular Ducts - Computed Ih"[s

[Q
L=1/b c¢/b=1 ¢e/b=15 ¢/b=12 ¢/b=13 c/b=4 L=1I/b ¢/b=2b c/b=8 ¢/b=12 ¢/b=16 c/b=24
0.01 0.9902113 0.991 8139 0.992 6161 0.993 4187 0.993 8202 0.01 0.994 2217 09944226 0.994 6234 0.994 7238 0.994 8242
0.02 09807386 0.983 8524 0.985 4125 0.986 9740 0.987 7552 0.02 0.988 5400 0.9889301 0.989 3201 0.989 5152 0.989 7103
0.04 0.962 5832 0.968 4966 0.9714684 0.974 4415 0.975 9297 0.04 09774186 0.978 1632 0.978 9080 0.979 2803 (.979 6527
0.07 0.9369894 0.946 6600 0.951 5284 0.956 4141 0.958 8612 0.07 0.961 3102 0.962 5390 0.963 7629 0.963 4749 0.964 9867
0.1 0913058 0.926047 0932612 0.939213 0.942 520 0.1 0945830 0947486 0949141 0949969 0950797
0.2 0842781 0.864522 0.875652 0.886902 0.892 559 0.2  0.898233 0901070 0903908 0.905327 0.906 745
04 073342 0.76585 078292 (0.80043 0,809 31 04 081824 082272 082721 0.82945 0.83169
0.7 061778 065751 0.67929 0.70223 0.71403 0.7 072602 073205 073809 0.74113 0.744 16
1.0 05363 0578  0.60262  0.6285 0.642 13 1.0 065604 0.66308 067016 0.67371 0.67727
20  0.3780 04192 0.4444 0.4733 0.4893 20  0.5063 0.5150 0.5240 0.5285 0.5330
40 02424 0.2759 0.2977 0.3245 0.3404 40 03583 0.3679 0.3781 0.3833 0.3885
70  0.1596 0.1848 0.2020 0.2242 0.2380 70  0.2545 0.2639 0.2742 0.2796 0.2852
100  0.1195 0.1397 0.1537 0.1723 0.1843 100  0.19% 0.2078 0.2177 0.2230 0.2287
200  0.0655 0.0776 0.0864 0.0984 0.1066 200 0.1171 0.1238 0.1319 0.1366 0.1419
400 00346 0041 0.0464 0.053 0.058 400  0.0652 0.0695 0.075 0.078 0.083
700  0.020 0.024 0.0275  0.032 0.035 700 0039 0.042 0.046 0.048 0.052
1000 0014 0.017 0.019 0.023 0.025 1000  0.028 0.030 0.033 0.035 0.038

Fitted parameters for transmission equation

----nn--

0.8341 0.9446 1.0226 1.1472 1.2597 1.4725 1.6850 2.1012 2.5185 3.3624
E 0.7063 0.7126 0.7287 0.7633 0.7929 0.8361 0.8687 0.9136 0.9438 0.9841

T,
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Transmission of Rectangular Ducts - Cont. “)”[ﬁ

Q

m 15rIII -‘"‘- IIIIIII T T IIIIII| T T TTTTTT T T TTTTIT __ m 15jI_II o+ il Lot T T IIIIII| T T TTTTIT T T TTTTIT __
= - o g i
o T+ . o T 4
— g | — 8L -
T ., g .,
= i = i
o 4l i ] 4 4
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g 4 1 g 4 1
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@ Q
.l i x i
© ©
Y— Y—
[} [}
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= o1 7] = o) 7
e i - g 1 -
2 7 1 2 T 7
o 8- - Q & i
|- i
o 8- - 0o 5l i
c 1R 4 c sl i
9 e,
74N Width/Height = 1 . 74 WVidth/Height = 8 sB
2 2 H
E Ll Correcled eq. | % | @ Corrected eq. i
C > Long Asymptotic eq. C . Long Asymptotic eq. ¥
m© + Short Asymptotlc eq. H @ + Short Asymptotic eq.
(o — Numerical Computed (o —— Numerical Computed
IIII| | | IIIIII| L1 IIIIII| | IIIIIII| | 1 IIIIII| IIII| 1 IIIIIII| 11 IIIIII| 1 IIIIIII| 1 1 IIIIII|
0.01 0.01
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Length / Height Length / Height

Comparing numerically computed transmission with «,, ¢; and corrected c.
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Transmission of Rectangular Ducts - Parameters !H"[a

3rd-order polynomial fits are used for any rectangular cross sections (c/b as

variable): _ A(K.DE) . A(K.D.E)
(K,D,E)= A"+ ANPE R+

5 T T T

Fit K D =

0.0471 0.1163 0.02705

Parameters for Calculating
Rect Pipe Transmission

05 | | | |
0 5 10 15 20 25

Pipe Width / Height
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Transmission of Long Elliptical Tubes !H’[s

According to Steckelmacher *

16b |
Ue = 37ZL (k)

where K(k') is complete elliptic integral of 15t kind

7r2 d :
:JO/\/l—k¢' ;, and k=\/1—%z=\/1—(—k')2

“sin® ¢

* W Steckelmacher, "Molecular flow conductance of long tubes with uniform elliptical cross-section and the
effect of different cross sectional Shapes”, J. Phys. D: Appl. Phys., Vol. 11, p.39 (1978).

N USPAS Vacuum (June 17-21, 2019) 63



Calculating Elliptic Integral 1545

1 I 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I
o o Elliptic Integral Definition : .
S % dg a
S Kk)=]"—— and k= )i-b'/, = i-(k}
§ 51 L T-Psn'y y 4 (k) _
5
Q
s 4T ]
Q.
W | Fitto: |
'8 K(k!)_ ' 2({1 31
kY, = 4, + A log(k')+ 4, log* (K')+ 4, log’ (k')
% oL Al =1.58642 £ 0.00216 ]
o A1 =-1.9008 £ 0.00883
() A2 =0.29648 + 0.0106

A3 =0.070581 £ 0.00356
1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I
7 8 9 2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9
0.01 0.1 1
k'=b/a

The elliptic integral has to be calculated numerically, but here is a web calculator for the complete
elliptic integral of 15t kind.
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http://keisan.casio.com/exec/system/1180573451

Transmission of Short Elliptical Tubes I

Q T. Xuand J-M. Laurent (CERN-LEP-VA #83-28, 1983) 10 T ]
calculated transmission probability of short elliptical + ab=10
, + ab=5
tubes, using Monte-Carlo method. + ab=3
0.8 -
 The calculated results are reproduced to the right, with §n +
fittings (solid lines) to polynomial function, with fitted 2
coefficients listed in the table below. 2 o6l _
=
Q
2 3 S
o = A+ A(L/b)+A(L/b) +A(L/b) ool ]
avsb| C_AD C_A1 C_A2 C_A3 =
10 | 0.90689 | -0.14103 | 0.013534 | -0.00050431 Yy -
9 0.90466 | -0.15323 | 0.015408 | -0.00060011
3 0.89614 | -0.16387 | 0.016872 -0.00065814
2 0.83579 | -0.14943 | 0.014547 | -0.00053476 | | | | |
1 0.79008 | -0.16823 | 0.018372 | -0.00072975 T . ¢ & 10

Normalized Tube Length (L/b)
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Comparing Round, Rectangular and Elliptical Tubes Il‘l"[s

It is interesting to compare molecular transmission probability for tubes with round, rectangular
and elliptical cross sections, but with same aperture area (thus the same entrance conductance).

a/b

1.0 1.0 0.988
2.0 0.971 0.960
3.0 0.931 0.920
4.0 0.892 0.884
5.0 0.859 0.852
10.0 0.744 0.742
20.0 0.624 0.622
100.0 0.381 0.385

For a>>b, both elliptical and rectangular tubes degenerate to slit, so not surprise to see similar

transmission probability.
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Monte Carlo Test Particle Calculations !_;tl"[s

» Monte Carlo (MC) statistic method is often used to calculate complex, but
practical vacuum components, such as elbows, baffles, traps, etc.

> In MC calculations, a large number of test particles are 'injected’ at entrance,
and tracked through the geometry.

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

z AXIS

’ (R 0 "‘
A ) 4‘2.*’! ‘.}QI“'
/ [ - 'l. ' -'.. '."/ﬂd
| I
) ' y AXIS A
@
OPENING E—/
N
*

OPENING A
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Transmission Calculations Using MolFlow*

@1cm, 10 cm long
straight tube ;

Straight
90° Elbow

180° U

These simple calculations took <1-minute
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(A1cm, 10 cm long

U-tube
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Combining Molecular Conductances 1549

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

Cr=Ci+C+C5+, .., +C,

> Series conductances of truly independent elements can be calculated:

1 1 1 1 c
C, C C, C, ¢

T he series elements must be separated by large volumes, so that

the molecular flow is re-randomized before entering next element
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