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Tutorial on Gas Flow, Conductance, Pressure Profiles
KATRIN neutrino mass experiment: a very sophisticated vacuum system (cryogenic system with e--
guiding solenoids integrated into the cryostats, plus turbo pumps to decrease the source-to-
detector transmission probability, and more..); Fully analysed, mand modelled via Test-Particle

Monte Carlo (TPMC) simulations
ﬁ Deconstruction: KATRIN's advssev
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electron-neutrino. While the magnetic fields. Tritium has electrostatic retarding poten- the detector. Their rate varies
neutrino escapes undetected, to be pumped out to provide tial. Electrons are only with the spectrometer poten-

the eletron starts ist journey tritium free spectrometers. transmitted if their Kinetic | tial and hence gives an
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Units and Definitions

: Abbrev. Gas C=k-p
Unit N-m2 Pa2 mbar bar Torr [cm - mbar]
H Hydrogen 12.00 - 1073
.m-2 (= . 10-2 .10-5 . 10-3 2 ydrog

1N-m2(=1Pa) 1 1-10 1-10 75-10 e el 1300 10

mpoar U . e eon 30 -10™

1 mb 100 1 1-10°° 0.75 N N 12.30 - 102

1073

1 bar 1-10° 1-103 1 750 " Q;g;ﬂo i PRI

1 Torr 3) 133 1.33 133103 | 1 Xe Xenon 360 - 103

Hg Mercury 3.05 107

1) The torr is included in the table only to facilitate the transition from this familiar unit to the 0, Oxygen 6.50 - 10-3

statutory units N - m?, mbar and bar. In future the pressure units tor, mm water column, mm N, Nitrogen 6.10 - 1073

mercury column (mm Hg), % vacuum, technical atmosphere (at), physicalatmosphere (atm), HCI Hydrochloric acid 435103

atmosphere absolute (ata), pressure above atmospheric and pressure below atmospheric co, Carbon dioxide 395 - 10-3

may no longer be used. Reference is made to DIN 1314 in this context. H,0 Water vapor 3.95 - 10-3

2) The unit Newton divided by square meters (N - nr?) is also designated as NH, Ammonia 460 -10°3

Pascal (Pa): 1N - m?= 1 Pa. C,H,OH Ethanol 210-10°

Newton divided by square meters or Pascal is the S| unit for the pressure of fluids. Cl, Chlorine 305 - 1073

3) 1 torr = 4/3 mbar; fl torr = 1 mbar. Air Air 6.67 - 10-3
Table I: Permissible pressure units including the torr 1) and its conversion

Table Ill:  Mean free path |
Values of the product ¢* of the mean free path A ( and pressure p for various gases at
20 °C (see also Fig. 9.1)

1)=..— mbar Pa dyn - cm2 atm Torr inch Micron cm kp - cm2 b - in-2 b 2
(N/m?) (uubar) (phys.) (mm Hg) Hg (u) H,0 (at tech.) (psi)
mbar 1 102 108 9.87 - 10 0.75 2.953 - 102 75102 1.02 1.02-10° 1.45- 102 2.089
Pa 1072 1 10 9.87 - 10°¢ 75-10° 2953 - 107 75 1.02-1072 1.02-10°5 145-10* | 2.089 - 1072
ubar 10-2 0.1 1 9.87 - 107 75-104 2.953 - 1075 75- 10 1.02-103 1.02-10°¢ 145-105 | 2089 -103
atm 1013 1.01- 108 1.01- 108 1 760 29.92 76-10° 1.03 - 108 1.033 14.697 2116.4
Torr 1.33 1.33- 102 1.33- 108 1.316- 1073 1 3.937 - 102 108 1.3595 1.36- 103 1.934 - 102 2.7847
inHg 33.86 33.9- 102 33.9-10° 3.342 - 1072 254 1 254 -104 34.53 3453102 0.48115 70.731
n 1331073 1.33 - 107 1.333 1.316 - 10°% 10 3.937 -10°° 1 1.36- 103 1.36-10°° 1.934-10°5 |2.785-103
cmH,0 0.9807 98.07 980.7 9.678 - 107 0.7356 2.896 - 1072 7.36 - 102 1 10 1.422 - 1072 2.0483
at 9.81- 102 9.81-10* 9.81-10° 0.968 7.36- 102 28.96 7.36 - 10° 103 1 14.22 2048.3
psi 68.95 68.95 - 102 68.95-10° | 6.804- 102 51.71 2.036 51.71-10% 70.31 7.03-102 1 1.44 - 102
b - -2 0.4788 47.88 478.8 4725- 104 0. 3591 1.414 - 102 359.1 0.488 4881074 6.94 - 107 1
Normal conditions: 0 °C and sea level, i.e. p = 1013 mbar = 760 mm Hg = 760 torr = 1 atm
in Hg = inches of mercury; 1 mtorr (millitorr) = 102 torr = 1y (micron ... um Hg column)
Pounds per square inch = Ib - in2 = b / sqin = psi (psig = psi gauge ... pressure above atmospheric, pressure gauge reading; psia = psi absolute ... absolute pressure)
Pounds per square foot = Ib / sqft = Ib / ftZ; kgf/sqem? = kg force per square cm = kp / cm? = at; analogously also: Ibf / squin = psi
1.dyn - cm? (cgs) = 1 pbar (microbar) = 1 barye; 1 bar = 0.1 Mpa; 1 cm water column (cm water column = g / cm? at 4 °C) = 1 Ger (Geryk)
atm ... physical atmosphere - at ... technical atmosphere; 100 - (x mbar / 10.13) = y % vacuum

Table II: Conversion of pressure units
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* Without bothering Democritus,

* Keeping this in mind, the following curve [2] defines the molecular density vs pressure
and the mean free path (MFP), a very important quantity:

Units and Definitions [2]

Aristoteles, Pascal, Torricelli et al. a modern
definition of “vacuum” is the following (American Vacuum Society, 1958):

"... a given space or volume filled with gas at pressures below atmospheric pressure”

Molecular density, n(cm?)

f=— Low ‘; ~f=— High—et= Ultra-high vacuum —— | © g
- "
Medium| | y -
10° 4107 10" g
| °
A 6|
I A
6 | .20 32 E
K 10° - =
107107 | °1 2
T n | h10° S
10410 ! [ —————————— 10° >
R E 5
12 16 E: | I 3 _,0’2 g
10410 & 107 =
: | | :
s I I 2. .0
1010__10\1. :,CJ, ] ______ o 10°-
g p
[v] e 7 2 -1
| Rt min
10° +10% « l l TRk
5 | | | 4 L —10min
L 2 ) = 4. .4 FThr
" o & Air | | s [0
10° L 5 X 10 4 — 10 hr
0TSl 25 | | P ey
L | I 10‘_]06 — 1week
4 8 =1 th
10° 44 10— mon
0 0 Pressure (N/m?) r 3
3 4 ) v =3 &~ year
" ¢ 12 10 107 10* 6% w6®  ° 10
10° L10 HLI L Ilo o {2 e ,:‘ = ll_ >~ Tls o ‘1 ! ]1 —
g 100 100 10 1©0° 1% 100 108? "
= Pressure (Torr)
Fig. 1.1 Relationship of several concepts defining the degree of vacuum.

/ reduce collisions between the par"ric%

Mean-free path: average distance
travelled by a molecule before hitting
another one (ternary, and higher-order,
collisions are negligible)

The importance of obtaining a low
pressure, in accelerators, is evident:

beams and the residual gas:
- increase beam lifetime;
- reduce losses;
- reduce activation of components;
- reduce doses to personnel;
- decrease number of injection cycles;
- improve beam up-time statistics;

Kmor'e .. /

6
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Units and Definitions [3]

* A different view can be found here...

http://hyperphysics.phy-

astr.gsu.edu/hbase/kinetic/menfre . html

Mean Free Path Perspective

Tou may be surprised by the length of the mean free path compared to the average
molecular separation m an 1deal gas. An atomic size of 0.3 nm was assumed to
calculate the other distances.

Model of an ideal gas at STP (760 mmHg pressure, 0°C)
A mm mm mm mm mm Em mm mm U Em m e
| The mean free path is 310 times the nominal atomic |

Perspective of mean free path

compared to average molecular a0 s a®"®
separation. (Individual molecules e e ve e
| L] [ ]
are exaggerated In size by a ) . %, .O. 5_,‘?
factor of about 5) ®e "8 o & Brin
* e % o et 0
. .
. . .
*® s @ Sy pas, . . & L]
o o® .
.o."'-..-.-.0.00.0'.-o0'.'
‘--'.....O. .... * e ....
LR . s 85 g0 5 o6 »
- " e " L s_0 e . 8 -
" a8 L ] {1 - -
.. . » Mean fres path 93 nm
3 LN
L

Average molecular
Perspective of molecular size

o Separation
3.3 nm . compared to average
molecular separation.
r — o oy

Ne The average molecular |
. - |- - | separation is about 10x
Nominal the atemic diameter. |
atomic diameter\ . 0 .
e 03nm

!Mean Free Path Calculation |Frequencv of collision

Gas | A- p (m-Pa)

H2
N2
He
CcO

11.5x103
5.9x103
17.5x103
6.0x103

Gas | A- p (m-Pa)
4.0x1073

co,

Ar
Ne
Kr

6.4x103
12.7x1073
4.9x103

Mean Free Path A(m) vs Pressure (Pa), T=293.15 °K

HyperPhysics***** Thermodynamics

Nave

103 | | | |
10 iy _|
- &\ Alm) = 3.107-10 : T |
e \\\\ P(Pa)- 5, E
~ 10* \\\\
E o’ \\\\
< 10 \\\\
10" \\\\
10° N \\\\
Ol \\\\
10 \\\\
10° e
9 8 7 % 5 4 3 2 1 0 1
log( P(Pa) )
Sz More molecular dimensions, 5, can be found here: |
L _ http://www.kayelaby.npl.co.uk/general_physics/2_2/2_2_4.html P
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Units and Definitions [4]

Definition of "flow regime”

The so-called “Knudsen number” s
defined as this:
A
Kn=—
D

And the different flow (pressure) regimes
are identified as follows:

4 )

FREE MOLECULAR FLOW ; Kn >1

TRANSITIONAL FLOW : 0.0« Kn< 1

\CONTINUUM (VISCOUS) FLOW: Kn< 0.01 y

Practically all accelerators work in the
free-molecular regime ie. in a

condition where the MFP A is bigger than
the "typical” dimension of the vacuum

chamber (e.g.its diameter), and
therefore molecular collisions can be
neglected.

82 | 4 Cas Flow
Fig. 42 Different types of gas flow. Top: molecular flow.
Below and further down: different types of viscous flow:
gas-dynamic (intake flow}, laminar, and turbulent.
(@)

IMPORTANT: in molecular flow regime,
the absence of collisions between
molecules translates into the fact that
high-vacuum pumps DO NOT "SUCK"
GASES, they simply generate some
probability s that once a molecule enters
info the pump it is permanently removed
from the system.

s can be identified as the equivalent
sticking coefficient. 8
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Units and Definitions [5]

* Linked to the Knudsen number and the flow regimes, historically defined as in table

below [1].

Definition of “vacuum ranges”

Rough vacuum Medium vacuum High vacuum Ultrahigh vacuum
Pressure p [mbar] 1013 - 1 1-103 1073 - 107 <107
Particle number density n [cm] 1019 - 1016 1016 — 10" 1013 - 108 <109
Mean free path nlem] <102 102 - 10 10 - 105 > 105
Impingement rate Z, fem2 - 57 1028 - 1020 1020 - 10"7 107 - 10" <10®
Vol.-related collision rate Z,[em3 - s71] 1029 - 108 1023 - 10" 107 - 10° <10°
Monolayer time T[s] <10 105 - 102 102 - 100 >100
Type of gas flow Viscous flow Knudsen flow Molecular flow Molecular flow

Other special features

Convection dependent
on pressure

Significant change in
thermal conductivity
of a gas

Significant reduction-

in volume
related collision rate

Particles on the
surfaces dominate
to a great extend in

relation to particles in
gaseous space

Table IX: Pressure ranges used in vacuum technology and their characteristics (numbers rounded off to whole power of ten)

* With the invention of very low-outgassing materials and treatments (e.g. NEG-
coating), “Ultrahigh vacuum” (UHV) is sometimes split up info "UHV” and “XHV”
(eXtreme High Vacuum) regimes

|m =TT mmmmmm oo faies” T T T TTTTTTTToooS i
Classification of vacuum ranges [8].

I I
I I
: Vacuum Pressure Units :
Ranges Pa mbar
I I
I min max min max I
I |Low (LV) 33x%x10° 1.0x10° 33 %10 1.0x 10° I
I | Medium (MV) 1.0x 10" 3.3x%10° 1.0 x 10° 33x10 I
I | High (HV) 1.0 x 107 1.0 x 10" 1.0x 10° 1.0 x 107 I
* (Ref. N. Marquardt, | [VervHigh (VHV) 1.0x107 1.0x10° 1.0x 10” 1.0x10° :
Ultra-High  (UHV) 1.0 x 10 1.0 x 107 1.0x 107" 1.0x10°
_ I
CERN CAS 1999) » Extreme <1.0x10™ 1.0x 10 |
| |Ultra-High (XHV) I

B o e e e e e e e e M R M M M M M M M R M M M S mmm e mmm e M e mmm e mmm e e e e
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Impingement and Collision rates; Ideal Gas Law

- Impingement rate and collision rates

VARIABLE General formula For easy calculation Value for air at 20 °C
Most probable speed Oy =y P e - 120. 104/ [€m Gy =410 [mis]
of particles ¢, VW 3 VM Ls
Mean velocity g- JERT Eo146.10¢ /% [Cm] T'= 464 [mi]
of particles & VE W VRS
Mean squar of velocity - _m_a BT RPTIPr Liu T 2515 10480
of particles 2 Mls N
Gas pressure p of particles p=n-kT p=1380 10T [mbar] D=4.04- 1077 - [mbar] (zpples fo &l gasas)
D=§' n-Mmy-C
D:%-% N
Number density of particles n N = KT n ,25_1015% o] p=25-10%. p [cm?] (apolles to all gases)
Area-related impingement Z, Z =l4 n-t 7,-263- 1022 ppem?st Z,=285-10%.p [em2 571 (see F. 78.2)
Wy
é = \'WD
Volume collision rate Z; Zy= '2" c 7=527 - 107 B emis Z,=86-10% - p? [om? 7] (see Fig. 782)
k v WM-T
% R
Equation of state of ideal gas oA 7 gases)
Area-related mass flow rate g, A | o . 1w 10°
/ 4
C* = & - pin cm - mbar (see Tab. 111 10° A4 107
p 4 94 1
k  Boltzmann constant in mbar - 1. K // 1 K-
* mean frae path in cm 7 - /4
M molar mass in g - mok! 10 I A 0°
| ) pd
Table I\ Compilsiion of important formulzs pertaini ! = ; / ,/
|
0% By d o
) ,/ pd
0P Qb/.‘ Y d 107
N ALY
N~ LY
N 74
10 0’
paNEPZi
4 77
4 N H o
04 i o
o // N L
N T
10” ’/ / : N 37 10°
pd LN ’
' AN
0" y ! N 10"
U |y~ ey g
ra A F o - g -
G LTI T LI [T TN T e
o® 1?10 w1t 0w 0 0
Pressure p [mbar]
A - mean free path incm (A ~ 1/p)
n : particle number density in cm™ (n ~ p)
Zy - area-related impingement rate in cm3 - s~ (2, ~ p®)
Zy - volume-related collision rate in cm=3 - 571 (Z,, ~ p?)
Fig. 9.2:  Diagram of kinetics of gases for air at 20 °C

*The ideal gas law states that the
pressure P of a diluted gas is given by

PV :%RT —n,RT =n N kT

.. where:

V = volume, m3; m = mass of gas, kg

M = molecular mass, kg/mole

T = absolute temperature, °K

R = gas constant = 8.31451 J/mol/K

ny = number of moles

N, = Avogadro's number =
molecules/mole

kg = Boltzmann's constant = 1.381E-23
J/K

6.022E+23

« Deviation from this law are taken care
of by introducing higher-order terms,
the so called virial expansion, ...

PV =RT(1+BP+CP’ +...

... which are not discussed here.

[y
o
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Volumetric Flow Rate - Throughput - Basic Equations - Conductance

How does all this translates into
“accelerator vacuum”?

‘Let's imagine the simplest vacuum
sistem, a straight tube with constant
cross-section connecting two large
volumes, P,>P,

Q= P-dV/dt
Q, which in the SI has the units of
[Pa-m3/s] & [N-m /s] = [J/s] = [W]

.. is called the throughput. Therefore
the throughput is the power carried by
a gas flowing out (or in) of the volume V
at a rate of dV/dt and pressure P.

- dV/dt is also called “volumetric
flow rate”, and when applied to the
inlet of a pump, it is called “"pumping
speed".

. Therefore, we can also write a first
basic equation of vacuum technology

Q= P-S

* Having defined the throughput, we move
now to the concept of conductance, C:

Suppose we have two volumes V,; and
V,, at pressures P;>P, respectively,
connected via a tube

i

Py Q= P,

I

.we can define a second basic
equation of vacuum technology

Q= C-(P,-P,)= C-4P
.. which, making an electrical analogy...
I-V/R

.. gives an obvious interpretation of C
as the reciprocal of a resistance to
flow.

The higher the conductance the
more “current”’ (throughput) runs
through the system. 11
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Kinetic Theory of Gases

How can conductances be calculated?
How does the dimension, shape, length,
etc.. of a vacuum component define its

conductance?

*We need to recall some concepts of
kinetic theory of gases:

*The Maxwell-Boltzmann velocity
distribution defines an ensemble of N
molecules of given mass m and
temperature T as

dn 2N e 2, ~mv2(2ks T)
E 7 2kT Ve B

. with n the molecular density, and k,
as before.

* The shape of this distribution for air at
different  temperatures, and for
different gases at 25°C are shown on
the right:

0 500 1000 1500 2000

Velocity (m/s)

Fig. 2.1 Relative velocity distribution of air at 0°C, 25°C, and 400°C.

2.1 THE KINETIC PICTURE OF A GAS 11

1.0

: 'Xenon

B B T L e T LT T T
...........................................................................................

B T Lt T L LT LE (LT T T T T e A

R R e R e S T e e T Oy CEPTCRIC LR TECTEETLEEE

...............................................................................

500 1000 1500 2000
Velocity (m/s)

Fig. 2.2 Relative velocity distribution of several gases at 25°C.

[
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Kinetic Theory of Gases [2]

* The kinetic theory of gases determines
the mean, most probable, and rms

velocity as:
2RT
Vi = 1/—
M

/ 8RT
Vmean =
7-M
/3RT
meS =
M

.. with R the gas constant (J/°K/mole),
M the molecular weight (kg/m3), and T
the absolute temperature (°K).

Therefore, V., < Viean < Vems -

For air (M=29 g/mole) at 25°C these
values are:

Vmp = 413 m/s
Vinean= 467 m/s
Vems = D06 m/s

For a gas with different M and T, these

values scale as
,Mair . TgaS .
Tair Mgas

1000
Velocity (m/s)

Fig. 2.1 Relative velocity distribution of air at 0°C, 25°C, and 400°C.

The energy distribution of the gas is

0 0.5

GAS PROPERTIES

crmrm e sme

-.;.-._.
'

E’l=-2£ E”z E—EI{»‘:T}
dE '":”2 {k}n)afﬂ

" .
o
' ¥

..................

1.0
Relative Energy (E/KT)

Fig. 2.3 Relative energy distribution of a gas at 25°C,

13




Tutorial on Gas Flow, Conductance, Pressure Profiles
Transmission probability

* Within the kinetic theory of gases, it
can be shown that the volumetric flow
rate q passing through an infinitely thin
hole of surface area A between two
volumes is given by G- A % AP
. and by the analogy with the second
basic equation we get that the
conductance ¢ of this thin hole is

C:Avmﬂ
4
For holes which are not of zero-

thickness, a ‘“reduction” factor Kk,
O<k<1, can be defined. K is called
transmission probability, and can be
visualized as the effect of the “side
wall” generated by the thickness.

It depends in a complicated way from
the shape of the hole.

So, in general, for a hole of area A
across a wall of thickness L

(A L)= A-%-k(A, L)

Zero-thickness vs finite-thickness
aperture in a wall...

VY

N7
<\ >

3

.. the transmission probability
decreases as L increases...

14
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Transmission probability [2]

*Only for few simple cross-sections of
the hole, an analytic expression of
k(A,L) exists.

*For arbitrary shapes, numerical
integration of an integro-differential
equation must be carried out, and no
analytical solution exists:

7. Clausing’s investigation of the transmission
probability of a tube

Clausing25-34 calculated the probability W for a tube of
circular cross-section

L
W =J Wsgr(x) . w(x)dx + W (L) 27)
where w(x) is given by an integral equation

w (x) =f Wrr(€—x)dE.w (&) + Wgs(L—X) (28)

down w(x) in the case of a circular tube:

i (E=xp° 3(¢-x)
W)= 1R {2+[(§_x)2+4R2]%'_[(§—x)2+4R2]*}
T ERE _g‘_—x_)z_ -

................................................................................................................................................................

(ref. W. Steckelmacher, Vacuum 16 (1966) p561-584)

Where Wsg, Hss, Wrg and Wgs are appropriate functions of
R and relate to probabilities of the molecular passage and
emittance of molecules (assuming a cosine law of emission)
from different parts of the tube wall. Clausing also showed that
the function wix) was related to the impact density g{x) for
molecules impinging on the wails of the tube, where x is
measured along the tube length, Defining the relative impact

density ix) -%} he proved the identity
o
Mxi=wil—x) (30)

This proofl depends on the principle of detailed balancing
aceording to which for each direction and velocity the number
of emitted molecules is equal to the number adsorbed (see also
Clausing?® 7).

In trying to solve the integral equation Clausing?2-34

R L
assumes that for 7 large (==1) a good solution is given by

W(X) =0 4= o | X (31)

with = —=const. Substitution of this in the integral actually gave
an expression for = which may be written in the form:

Dl (e )R

w2’ + )= {2:.' +1)- L'L
(v? Dt (it 1)*
where w={L—x)/2R and v=x/2R, ie u={L/R) v (3

8
He then selected = such that W g for long tubes, ic assuming

the Knudsen formula for long tubes. He showed that a good
approximation was obtained for short tubes when L<=4R by
taking

Lis

__L_ _—4R .; (35), and when L=4R, a=g 5;— (35)
2R+ 4R* L'L
- -Lz +4R?
given by the above formula for d(E,Z) but with

L7

3L+?.R\,."'J'
With this choice (he points out, it is one of many), for very
small /L

x/L=2RJTJ(3L+2R,/T)ie u= (36)

a:'—-;i 50 that Wﬂ%.

With these approximations Clausing then calculated W for a
range of values of L/R, which he tabulated, and these Clausing
probability factors formed the basis for flow calculations in
tubes for more than 20 years.

15
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Sum of Conductances

*Keeping in mind the interpretation of
the conductance as the reciprocal of a
resistance in an electric circuit, we may
be tempted to use “summation rules”
similar to those used for series and
parallel connection of two resistors.

« It turns out that these rules are not so
far off, they give meaningful results
provided some “correction factors” are

introduced | 2
RN
C=C,+C, parallel = )=

1—i+i series
C C G, "

and they can be extended to more
elements by adding them up.

*The correction factor takes into
account also the fact that the flow of
the gas as it enters the tube “develops”
a varying angular distribution as it
moves along it, even for a constant
cross-section.

At the entrance, the gas crosses th

aperture with a “cosine distribution”

1Q° 20° 30°
1.0
— Ny .
e ol9 N
Q[8
/ N\
/ O’_?______ / \ 400
o |
0[5
50°
i Ola ‘! / i
\ o3 / 100
. /
\ 02 / ?Do
AN 0/
80°
~ -
| | A P T2 7T 7
rl 1
1 ¢ N
it | F(0)3COS(6)
2r 4
Figure 3. Pofar diagranvof gas flow issuing from a short
cylindrical tyfbe inte a vacuum (for the spherical case L=2r)
compared tp flow through an orifice calculated by Clausing (1930).

..while at the exit it has a so called
“ distribution, determined by
the collisions of the molecules with the
side whalls of the tube, as shown above
(solid /black line)

* As the length of the tube increases...

16
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Molecular Beaming Effect

.. so does the beaming, and the
forward- and backward-emitted
molecules become more and more

skewed, as shown here...

W Steckelmacher : The molecular flow conductance for systems of tubes and components and measurement of pumping speed

*The transmission probability of any
shape can be calculated with arbitrary

precision by using the Test-Particle
Montecarlo method (TPMC).

* The TPMC generates “"random” molecules
according to the cosine distribution...

at the entrance of the tube, and
then follows their traces until they
reach the exit of the tube.
*Time is not a factor, and residence
time on the walls is therefore not an
issue (although they can be taken into account).

*EBach collision with the walls is
followed by a random emission
following, again, the cosine
distribution...

- .. this is repeated a very large number
of times, in order to reduce the
statistical scattering and apply the
large number theorem.

* The same method can be applied not
only to tubes but also to three-
dimensional, arbitrarily-shaped compo-
nents, i.e. “models” of any vacuum
system.

*In this case, pumps are simulated by
assigning “sticking coefficients” to
the surfaces representing their inlet
flange.

* The sticking coefficient is nothing else
than the probability that a molecule...
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Effective Pumping Speed

.. hitting that surface gets pumped, i.e.
removed from the system.

- The equivalent sticking coefficient s
of a pump of pumping speed S [I/s]
represented by an opening of A [cm?] is
given by

oS

A Yo
4

. i.e. it is the ratio between the given
pumping speed and the conductance of
the zero-thickness hole having the same
surface area of the opening A.

* The “interchangeability” of the concept
of conductance and pumping speed, both
customarily defined by the units of [I/s]
(or [m3/s], or [m3/h]), suggests that if
a pump of nominal speed S, [I/s] is
connected to a volume V via a tube of
conductance C, the effective pumping
speed of the pump will be given by the
relationship 11 1

S, Swm C

V¥

*From this simple equation it is clear
that it doesn't pay to increase the
installed pumping speed much more
than the conductance €, which
therefore sets a Ilimit to the
achievable effective pumping speed.

*This has severe implications for
accelerators, as they typically have
vacuum chambers with a tubular

shape: they are “conductance-
limited systems”, and as such need a
specific strategy to deal with them

20

e —

—

]

15 - -

i / C=20(I/s)
10:
5/

0 50 100 150 200
Snom (/5 )
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Transmission Probability and Analytical Formulae

* The transmission probability of tubes
has been calculated many times. This
paper (J.Vac.Sci.Technol. 3(3) 1965 p92-95)..

Free Molecular Conductance of a Cylindrical
Tube with Wall Sorption

Craig G. Smith and Gerhard Lewin

Plasma Physics Laboralory, Princeton University, Princeton, New Jersey
{Reccived 26 October 1065)

A Monte Carlo method was uzed to caleulate the probability that a molecule passes through a
eylindrical tube with wall sorption. This probability is presented as a funetion of the ratio of
length to radius and the sticking coeflicient s of the wall. For s = 0, the resulls confirm those of
Clausing for the conduciance of o tube of finite length. For g = 0, wall pumping ean greatly

rodues the Aow of was swron far warir emall waloae of ¢ Tha hael ttarine tatal Ane rateinad hy

. Free Molecular Conductance 93

F1cure 1. Probabil-
ity that a particle
succeeds in passing
| through a cylindrical
1~ tube, as a function of
* the length to radius
rafio and sticking
coeﬁi{uent.

PROBABILITY OF TRANSMISSION

i
o Omi 0 100

gives us a way to calculate the
conductance of a cylindrical tube of
any length to radius ratio L/R >0.001:

Ctramsm(I /S) = Anlet(cmz) 1177(' /S/sz) ’ I:)transm

.. Where P, ... is the tfransmission
probability of the tube, as read on
the graph and 11.77 is the “usual”
kinetic factor of a mass 28 gas at
20°C.

* Other authors have given approximate
equations for the calculation of Ci.qnem.
namely Dushman (1922), prior to the
advent of modern digital computers

3
Cnll15) 212425
1+4.—
3-L
.. with D and L in m.
*We can derive this equation by

considering a tube as two
conductances in series: C,, the
aperture of the tube followed by the
tube itself, C;.

* By using the summation rule for.... 1
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Dushman's Formula for Tubes

.. 2 conductances in series...
1 —
~ C
... we obtain:

1 1
_+_
C. G
c,=93.D° and C, ,=124.D°/L

with D and L in cm. Substituting
above...
c_CiCy _ 124D°IL
C,+C; 1+4.-D/(3-L)

Beware: the error can be large!

(Exercise: 1) estimate the conducfanb
of a tube of D=10 [cm] and L=50 [cm]
by using the transmission probability
concept and compare it to the one
obtained using Dushman's formula.

2) Repeat for a tube with L=500 [cm].
\3) Calculate the relative error.

J

* This fundamental conductance limitation
has profound effects on the design of
the pumping system of accelerators: the
location, number and size of the pumps
must be decided on the merit of
minimizing the average pressure seen by
the beam(s), and reducing local bumps.

* The process is carried out in several
steps: first a "back of the envelope”
calculation with evenly spaced pumps,
followed by a number of iterations
where the position of the pumps and
eventually their individual size (speed)
are customized.

Step 1 resembles to this: a cross-
section common to all magnetic elements
is chosen, i.e. one which fits inside all
magnets (dipoles, quadrupoles,
sextupoles, etc..): this determines a
specific conductance for the vacuum
chamber c,.. (I-m/s), by means of, for
instance, the tfransmission probability
method. 20
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Pressure Profiles and Conductance

*We then consider a chamber of uniform

cross-section, of specific surface A
[cm?/m], specific outgassing rate of q
[mbar-1/s/cm?], with equal pumps
(pumping speed S [I/s] each) evenly
spaced at a distance L. The following
equations can be written:

Q) = - P

dx
dQ(x) _
dx Ad

..which can be combined into
d?P _
dx®
.. with boundary conditions

c —-Aq

P ix=L/2)=0

dx

P(x=0)=AqL/S
.. Yo obtain the final result

P(x) = Q—S(Lx— x2)+&

1.5 20

— L
W@ &)

AqL=Q;,+ [mbar-|/s]

21
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Pressure Profiles and Conductance [2]

*From this equation for the pressure
profile, we derive three interesting

quantities: the average pressure, the
peak pressure, and the effective
pumping speed as:

17 L 1

Paverace = E}[ P(x)dx = Aql—(ﬁ + g) = AqL(1/ Sgee)

1 1 L 1.,
PMAx—AqL(g‘l’g)s AqL_Qtot’ SEFF—(E+§)
*From the 1st and 3™ ones we see that
once the specific conductance is chosen
(determined by the size of the
magnets, and the optics of the
machine), how low the average pressure
seen by the beam can be is limited by
the effective pumping speed, which in
turn depends strongly on c.
* The following graph shows an example
of this: for ¢=20 [|-m/s] and different
nominal pumping speeds for the pumps,
the graphs show how S.¢: would change.

*This, in turn, determines the
average... pump spacing, and
ultimately the number of pumps.

*Summarizing: in one simple step, with
a simple model, one can get an
estimate of the size of the vacuum
chamber, the number and type of
pumps, and from this, roughly, a first
estimate of the capital costs for the

vacuum system of the machine. Not
bad! ©

EFFECTIVE PUMPING SPEED VS PUMP SEPARATION
FOR DIFFERENT PUMPING SPEEDS

SPECIFIC CONDUCTANCE
0% & C - 20 (I'm/s) _ 102

Sess = (L/12C+1/5)

10 Il Il \I\I\\‘) Il Il \\\\\\‘ 1 Il \\\\\\10
10 10"

L(m)
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Pressure Profiles and Conductance [3]

«So, the conductance limitation leads to the need to install many smaller pumps
rather than a few large ones, as highlighted here below:

analytical calculation as per 2> 175 L 1
( Y p ) PAVERAGE = EJ. P(X)dX = Aql—(ﬁ + g) = AqL(]'/SEFF)
0

1.0E-07 -
F3 (5=300 ¥s; L=8 mj P = AqL(i +l) S = (L +1)—1
0. Seify, Iranian e S " 8c S,__\ - - P}Z,C S
Light Source, - e - ' B -l >
personal comm. 7 54 I
, P2 (S=150 ¥s; L=4 m) N
10808 { / < P> \
E \
- I-" = \/ o \ \
& "l}L""’}/fi """" AR AR \ :i """"""" }Y‘/{"""""""\'\T\""\I'
% | // \'\ e w
. : P, (S=75 s, L=2
1. For a given total pumping speed, many 3 sl \
smaller pumps produce a better vacuum / (il
than fewer bigger pumps; \ S _,ZZ k\‘
2. But, on the cost side, many smaller '[f"/" """ Ae s e
pumps may be MORE expensive than fewer || | / \
bigger pumps: \ f |
Message: cost-optimization is || ll | |' “
Important 4 : . h :
Distance X [ 23




Tutorial on Gas Flow, Conductance, Pressure Profiles
Pressure Profiles and Conductance [3]

* Same as previous one, but calculated via TPMC simulation, Molflow+:
Q=1 mbar-|/s for each of the 3 tubes: L=8 m: S,=300 I/s; 1, 2, and 4 pumps:

[ Molflow 2.6.36 64-bit (Jan 23 2017) [LEPeqJUAS_Tpump.zip]

File | Selection Tools Facet Wetex View Time

Profile plotter

Facets details = =

Advanced face... 8 [ || Vertex coordina... 9 B EX |} Facets coor:

#_ Pressure [mbar] Hits

005

e UM —G— Sp—— R

50 00130662 437269507
83 000655731 213407672
218 | 000451355 151176461

(=) Show column
[ Sticking [ Opacity [ Structure
[ 2 Sided [ Wetex b [ Area
[ Mesh sample.[ Count mode [~ Memory
[ Density[1/m3] " Density[kg/m'[+ Pressure
[ Abs.

[FH50 Fressure T [mbar] || Show Facet |

Remove all_|

Nermalize: [Pressure (mbarl ) [ Log ¥’

[

Texture Scaling

 Texture Range

Wi | 0.000E+00 [+ Autoscale [v Lise colors
Max [ 1000E+00 [+ Include constant flow (¥ Logarithmic scale
Set to cunent | Apply | Swnap [192KE

Hin: - 4404E-03

Max; 7555E-03

[ Gradient

4402-3

sy HENNE NS

7 5Be-3

Show: [Pressurs [mbar]

Front || Top || Side (| Orthe. (=

Check & || Uncheck &l | Update:

a,
. ]

IV 454 F:213 Dim{53.1.16.5311.800] Area:ll
=13D Viewer settings

[+ Rules [ Mamals [ ¥

[ Lines [ Leaks [ His

[v Wolume [+ Texture

< Wiew | [ Wettices [ Indices

izl Selected Facet [3 selected) —

r Particlesin ——————————
Desorption |Nore =zl (I
[ Dutgassing (mbarlish [
[~ Duta/arealmbartistontl

r Particles out —————————
Sticking facter, b
Pumping Speed (175 ﬁ
Sides:  [25ded  [=)
Dpasity: o

Temperature (KL 29318
Sum Area (cnf] 33600
Profle:  [Pressue, densiy (3 |7

<& Adv Couord,

Detall Apply |

horteuts
Textue pl. | | T aling

imulation

_s¢8in || Fesume || Fest |
[+ fulo update scene | Lpdate |
He [EGREERRE

Des.  |7625 Kdes [15 des/s)

Leaks [None
. e
e e
88 |wm2rs 0 0
89 MAass D 0
o (6537 D 0
3 EEIE D 0
%m0 0
5 E0%1 D 0
3 3055 D 53647
95 8907 0 0
% UrTs 0 0
57 W7l D 0
% EME D 0
8 umee 0 0
W uAest 0 0
o 4MOE7E D 0
W2 a3ERs D 0
W aau0sz 0 0
4 44u83E D 0
W 437 D 0
W 4BEoE D 0
W e D 0
8 6354 D 0
671742 0 0

Seff #1(/5) 765335

Seff #2 vs] 152501 2 ﬁ-

Seff #3 (s) 22131




Tutorial on Gas Flow, Conductance, Pressure Profiles
Pressure Profiles and Distributed Pumping

*From the previous analysis it is clear
that there may be cases when either
because of the size of the machine or
the dimensions of (some of its) vacuum
chambers, the number of pumps which
would be necessary in order to obtain a
sufficiently low pressure could be too
large, i.e. impose technical and cost
issues. One example of this was the
LEP accelerator, which was 27 km-
long, and would have needed thousands
of pumps, based on the analysis we've
carried out so far.

*So, what to do in this case? Change
many small pumps into one more or less
continuous  pump, i.e. implement
distributed pumping.

*In this case if S, is the distributed
pumping speed, its units are [I/s/m],
the equations above become:

Pave = AQ/ Sgee;

PMAX = PAVG ;

Serr = Sgist - L

*We obtain a flat, constant, pressure
profile.

* The distributed pressure profile in LEP
had been obtained by inserting a
NEG-strip along an ante-chamber,
running parallel to the beam chamber,
and connected by small oval slots:

Fig1 -~ CROSS - SECTION OF THE DIPOLE VACUUM CHAMBER

NEG strip

Ceramic__insulator
=

Cooling _channels Lead

MONTE CARLO SIMULATION OF THE PRESSURE AND OF THE EFFECTIVE PUMPING SPEED

IN THE LARCE ELECTRON POSITRON GOLLIDER (LEP)

by

Tingwei Xu™, J-M. Laurent and 0. Grobner

Note: CERN-LEP-VA/86-02
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Pressure Profiles and Distributed Pumping [2]
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Pressure profile alomg a half cell for different pumping probabilities PG from 0.17 to 0,0085

Effect on pressure profile of Sy : the
parabolic pressure bumps are flattened

ﬂcercise: knowing that one me‘rre}\
NEG-strip and the pumping slots

Input data:

Q) S.¢e, in [1/s]

provide approximately 294 [I/s/m] at
the beam chamber, derive the
equivalent number of lumped pumps of
500 [I/s] which would have been
necessary in order to get the same
average pressure. (see p.20-21)

Cspec(LEP) = 100 [I-m/s]

S4ist(LEP) = 294 [I/s/m]

A p = 3,200[cm2/m];

q =  3.0E-11 [mbar*l/s/cm2]

Exercise: the SPS transfer line has a
vacuum pipe of 60 [mm] diameter, and
the distance L between pumps is ~ 60
[m]. The pumping speed of the ion-
pumps installed on it is ~ 15 [I/s] at
the pipe. Assuming a thermal
outgassing rate q=3E-11 [mbar-1/s/cm?]

calculate:
e

1) PmGXl Pmint Pavgo in [mbar']
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Pressure Profiles and Distributed Pumping [2]
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* A modern way to calculate the effective pumping speed of the 20x9 mm? racetrack pumping
slots in LEP is via the Test-Particle Montecarlo method (TPMC):  Syge= 300 [I/s/m]
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* A virtual "test facet” is laid across the chamber’s cross-section and the pressure profile is
calculated by recording the position of all the rays crossing it; It is then possible to
calculate S..(1/s/m) and_from this C.. [I/s/m] by _using the formula shown here above,

[-The goal is to maximize C,, and therefore S, without affecting too much the beamg 28




Tutorial on Gas Flow, Conductance, Pressure Profiles

* Vacuum chamber geometries of arbitrary complexity can also be designed and analysed via
the TPMC method:

*In this case a model can be made with a CAD software, exported in STL format to the
TPMC code Molflow+, and then the vacuum properties can be assigned to the different
facets, such as outgassing rate, sticking coefficient (equivalent pumping speed), opacity
(ratio of void-to-solid, to simulate fine grids, for instance), and more...;

* This example shows the recent analysis of a potential new design of an injection septum
magnet for the PS accelerator at CERN (model courtesy of J. Hansen, CERN-TE-VSC);

¢—y Pressure gauge

* At each facet no.i of the model, the | _,40
local apparent pumping speed S, ; can Sapp = 21001/s [7777 >
be estimated from the local pressure

P,, via  the simple  formula:
(Q=total gas load)
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* The TPMC method “automatically” takes into account
the conductance of the different parts, with no
need to pre-calculate them and then plug-in their
value in a finite-element or analytic formula; -
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One example of a time-dependent Test-Particle Monte Carlo simulation

Propagation of the pressure wave following an RF breakdown in a cell of the CLIC
linear accelerator:

Screencast-O-Matic.com

Ref.: M. Ady’s PhD thesis CERN-EPFL, 2016;




One example of a time-dependent Test-Particle Monte Carlo simulation

Propagation of the pressure wave following an RF breakdown in a cell of the CLIC linear
accelerator:

Screencast-O-Matic.com

Video clic.mp4




Time-dependent Molflow+ simulation of the propagation of a pressure wave
following an air-inrush (breaking a thin aluminum foil); 4x 7m-long 80 mm ID tubes,
with intermediate bellows and pumping stations (pumps of f);

Fast Cold-Cathode
Gauges (with VAT
modules)

k= 001 =

Ref.: M. Ady’s PhD thesis, video;
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Time-dependent Molflow+ simulation of the propagation of a pressure wave
following an air-inrush (breaking a thin aluminum foil); 4x 7m-long 80 mm ID tubes,
with intermediate bellows and pumping stations (pumps of f);

Fast Cold-Cathode
Gauges (with VAT
modules)

t= 001 s

Ref.: M. Ady’s PhD thesis, cited above;
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Electrical Network -Vacuum analogy:
main principle

A vacuum line can be analyzed as an electrical network: by means of
dedicated programs ( LTSPICE, PSPICE..) the dynamic vacuum
profile of complex components is evaluated.

VACUUM ELECTRICAL NETWORK

Volume Capacitance
Conductance Resistance
Flow Current
Pressure Voltage
i R1 R2
Qm E?out Q—@—/\/\/—.—/\/\ﬁ
— <> > —) R R
' C1
nC
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Electrical Network -Vacuum analogy (ENA):
simple example

H ( Gas_load
L R_orifice R_tube1 l R_tube2
R_pum
—pump @olume_tube

1 1 1 1 _
= + + Rtot — I:apump + I:\)orifice T Rtube
Seff S pump Corif Ctube
Q
I:)tube ~— - V = L
Seff tube R

tot
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Electrical Network -Vacuum analogy:
Linac4 H- source

Linac4 lon source T5-152
Differential pumping system @ @

ANRRNNNNN sty Secorvae
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Electrical Network -Vacuum analogy: Linac4 H-
source, conductance evaluation in Molflow+

« Injection of particles
within the extraction
chamber volume

By counting the number
of particles exiting the
component, the
transmission probability

is evaluated.
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Linac4 equivalent electrical network
(Ltspice)

Injection + ignition line




Linac4 : H, Pressures Profiles

Best pressure achievable

—&— Plasma chamber
—e— Extraction region
—A— Einzel Lens
PRI s Vv LEBT tank I
""" —<4— RFQ_in
—» - RFQ_1
——RFQ_2
—a— RFQ out

time (s)

Evaluation of the best H, partial pressures achievable, considering
the dynamic gas load and the effective pumping speed applied.
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When using montecarlo simulations, like Molflow+, there are two ways to
calculate the specific conductance of a tube of arbitrary cross section:

1) Apply the concept of transmission probability, and use the formula C, = P, ‘A - <v>/4; In
this case the molecules are generated at the inlet, with cosine distribution, and tracked
until they cross the outlet; Both the inlet and outlet have sticking coefficient set to 1

& Molflow+ 2.6.72 (Sep 3 2018) [Elliptical_tubes_Cspec.zip]
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When using montecarlo simulations, like Molflow+, there are two ways to
calculate the specific conductance of a tube of arbitrary cross section:

2) Generate the molecules uniformly along the walls of the tube, as if to simulate a uniform
thermal outgassing, and set the extremities at some sticking value (like 0.5); The ensuing
pressure profile is then fitted to a second order polynomial, and the specific
conductance c is obtained by taking -% the value of the reciprocal of the second order

parameter, as per P(x) :? Lx — x? +% , With AgL=Q,, =1

& Molflow+ 2.6.72 (Sep 3 2018) [Elliptical_tubes_Cspec_parabolic.zip]
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Beware: Some methods alternative to the test-particle montecarlo
simulations may be prone to systematic errors

One very recent example in literature:
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L: 152m, Bp: 15 Tm
IBs, stable 1on beams

SRing: Spectrometer ring
Circumference: 273.5m
Rigidity: 15 Tm
Electron/Stochastic cooling
Two TOF detectors

Four operation modes

BRing: Booster ring
Circumference: 5§69.1m
Rigidity: 34 Tm

Beam accumulation
Beam cooling
Beam acceleration

iLinac: Superconducting linac
Length:100 m
Energy: 17 MeV/u(U3)

iL.inac

SECR

Fig.1. General layout of the HIAF complex.

Heavy lon Research Facility at Lanzhou (HIRFL), China

Dynamic vacuum simulation for the Booster Ring in the High-Intensity Heavy lon
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The time-dependent balance-equation:

Ua—P—ﬂca—P—sP+
x 0z oz 1

.. is solved via a finite-elements method (VAKDYN code, V. Ziemann, Uppsala
Univ.)

The vacuum chamber around the ring is sliced >
Element i-1 Element i Element i+1 | ©
e -//. T;;;
PaCa > ) PiaaC ibeomall &
Pici_T > P-,Ci // [ -~ i ,.;{Lv..;. y
Q P.S | ’iﬂli; o] nﬂ 0
- > »- Fig.3. Schematic vacuum layout of one super period of BRing.
Cia G

The outgassing (Q;), conductance (C;), and pumping speed (S;) of each slice are
pre-calculated or assigned in advance, and the equation is then solved via a
matrix-method, in order to get the pressure P, for each slice, as follows:

+1 _F:Jl :;f;[cf_l(ﬁﬁrl _H"H)"_C (Pn+1 l_—_;n+1)_Sr_En—1 +Qr- +

i i+1

Coa(BL—B)+C(E, - FB)-SE +0]

44



The cross-section of the booster is approximated with an elliptical or
rectangular shape;

The conductance of each slice is calculated via the approximate
analytical formulae:

For the ellipse type chamber, the conductance 1s calculated by [20]:

C=13. 61 b \F
'Ja +b

Or for the rectangular type chamber, the conductance 1s calculated by:

C—3069Klab_\j? -« @ | |b
L(a+b)

Table 5. Coefficient of the rectangular chamber to calculate conductance.

bla 1 2/3 1/2 1/3 1/5 1/8 1/10

K 1.108 1.126 1.151 1.198 1.297 1.400 1.444

Unfortunately, when compared to 3D montecarlo simulations, the
precision of these two formulae is not very high, in particular the one
for the elliptical cross section case, as can be seen in the following

graphs.
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Specific conductance in |- m/s for elliptical and rectangular cross-
sections vs ratio of ellipse semi-axes or rectangle sides (a/b), ellipse
area-rectangular area = © cm?; L=1 m;

The percent deviation of the montecarlo simulation is calculated with respect to the
analytical formula:

Conductance of Rectangular Tubes vs Ratio a / b: Conductance of Elliptical Tubes vs Ratio a / b:
L0 Analytical Formula vs Montecarlo 80 Analytical Formula vs Montecarlo
- —
e —

S| = S
Q ~ e

@)
<] &) 2

a/b
AC (% )=(Can-Cwxc)/ Can- 100 AC (% )=(Can-Cymc)/ Can- 100

It becomes evident that choosing the right value for the
conductance elements is very important, as the pressure profile
calculation is very much sensitive on the C; values, and error
propagation is likely when using a matrix solution.
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Tutorial on Gas Flow, Conductance, Pressure Profiles

Summary:

* During this short tutorial we have reviewed some important concepts and equations
related to the field of vacuum for particle accelerators.

*We have seen that one limiting factor of accelerators is the fact that they always
have long tubular chambers, which are inherently conductance limited.

*We have also seen some basic equations of vacuum, namely the P=Q/S which allows a
very first glimpse at the level of pumping speed S which will be necessary to implement
on the accelerator in order to get rid of the outgassing Q, with the latter depending
qualitatively and quantitatively on the type of accelerator (see V. Baglin's lessons on
outgassing, synchrotron radiation, ion-induced desorption, etc... this school).

* Links between the thermodynamic properties of gases and the technical specification of
pumps (their pumping speed) as been given: the link is via the equivalent sticking
coefficient which can be attributed to the inlet of the pump.

*One simple model of accelerator vacuum system, having uniform desorption, evenly
spaced pumps of equal speed has allowed us to derive some preliminary but useful
equations relating the pressure to the conductance to the effective pumping speed, and
ultimately giving us a ballpark estimate about the number of pumps which will be
needed in our accelerator.

« An example of a real, now dismantled, accelerator has been discussed (LEP), and the
advantages of distributed pumping vs lumped pumping detailed.

* Several examples of a more modern way of calculating conductances and pressure
profiles (ENA, VAKDYN, TPMC) have been discussed: TPMC should be the preferred
method for the serious vacuum scientist; See literature example of large deviations
when using approximate analytical formulae. 47
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