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Program of the course:

Why do we need to calculate pressure profiles in an accelerator
in the first place?
- Beam lifetime, emittance blow-up, beam-losses, radiation damage, personal

safety issues, efc...

How can it be done?

The old way...
Analytical methods: Diffusion equation, parabolic profiles, efc...

The modern way, using computers
Analytical methods: symbolic solution of differential equations

Numerical methods: Finite-Element Method, Montecarlo, commercial
codes, efc...

It's all about the conductance... and the gas load!
Conclusions
References

Analytical and Numerical Tools for Vacuum Systems - R. Kersevan - ESRF, Grenoble - CAS Vacuum School -
Silken Park Hotel San Jorge - Platija d’Aro, Spain - June 17-23 2006



1.

Th

Why do we need to calculate ]Er'essur'e profiles in an accelerator

in the

Fact: Energetic particles, charged or neutral, interact with matter;

irst place?

In particular, inside the vacuum system of an accelerator, they interact with the residual-gas, which may

be detrimental to the correct operation of the machine;

The degree of sensitivity to the level (total pressure) and quality (gas composition) of the vacuum is a

function of the accelerator type;
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2. How can it be done? The old way...

Analytical methods:

Paper and pencil

P - Q / S Estimate Q, determine the needed pressure P, get S, the
number of pumps to buy. Good starting point, but can't we be a
little bit more specific?

More advanced calculations: back-of-the-envelope...

Not bad either, but can we design a
multi-million (billion) dollar/€
machine around this?

Your average boss will fire you if
you do thatlll
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2 How can it be done?

Analytic formulae:

- Simplest case: a straight tube, with uniform cross-section and outgassing from one
end (be it thermal or other), pumped by one pump at the far end:

At the pump: P = Qqo1/S

1 L-x\ ™
P(x) = — 4+
) QTO{S : j
00 | | | | | |
00 02 04 06 08 10
QTOT !\/ \@
1 L 1, Q
Paverace = '—E[ P(X)dx = Qror (% + §) — ﬁ
L 1
Puax = -L/c S —(—4+2)t
MAX QTOT EFF (2C S)
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2 How can it be done?

Analytic formulae:

Another simple case: assume that the vacuum chamber of your circular accelerator is a straight tube, with
uniform cross-section and outgassing (be it thermal or other), pumped by equally spaced lumped pumps (L=1m):

Q() = -cF)
dQ(x) _ »
dx¢
d’P
dx® —Ad

v

P x=L/2)=0
dx 15 2.0

0.0 0.5 10
P(x=0)=AqL/S / g\

P(x) = AZqL(Lx— x2)+%

c S
\ P G :ljp(x)dX:AQL( L n 1): QL(]./S )
AVERAGE L ; 120 S EFF

1 1
Puax = Aql—(g + g) Sere = (
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2 How can it be done?

Analytic formulae:

+  The following example shows an analytic estimate of the pressure profile for the SNS accumulator ring

v N
— | 4
) ) t : g
_ L 1°-47 Ring {!
P(x) = O( —+ ——) r? b
S 2C 3‘1‘ ‘A
\ \\'ﬁ" - e -rr--n-j J‘
i —Z y
which is valid because the cross-section 0.9
(i.e. the conductances) are very large N X101 Tor e e
and the OUngSSing uniformly disgtributed 085 Stainless Steel Chamber jgo_o H2. 46]9_.-5 Hzo-_‘lz-[;.q-'o co
No In-situ Bake 25 =5001s

Pressure (nTorr)

No Beam

LR 300.765 0.60 4

(Dimension in Inch)

7 . o 100 200 300 400
S:CT\ON B—R = Longitudinal Distance (cm)
Fig. 3. Pressure in Ring Arc Sectors without beam

Fig.1 Design of Arc Halfcell Chamber and with beam using different ion desorption coefficients
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2 How can it be done?

Analytic formulae: Diffusion model

yin_
dt

The dynamic gas balance inside a vacuum chamber can be written as :
(n=gas density; s=distrib.pumping speed; c=spec.conductance)

2n v an dn <0
=Q0-=S-n+ C =3 In quasi-equilibrium conditions: dt
dn dn dn d®n
V—<<q or V—<<s n or V—<<C—2
c— -s-n+q=0
dx?
2nd-order differential n(x) = X +C\2+C,, fors=0

equation with 2 solutions:

n(x) = ——qLCIBeJSZX +CZBe_J%X for s>0
c

where the C;'s and C,'s are set by the boundary conditions
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2 How can it be done?
Analytic formulae: Diffusion model

In an accelerator, the chamber is often "a tube”, and can therefore be reasonably segmented into N

elements, with s.=0 or s>0
n(x), s, ¢, q;

—_
i-1 8 0 i i+l

e N\ X

Let the i-th element at x;; < x < x;, described by the equation above, with the C;; and C,; defined by

ni(xi) = ni+l(xi)

on, (Xi%( _ ani+1(xi%(

This is a system of 2N-2 equations with 2N-2 unknowns, which can be easily solved.

The pressure along the vacuum chamber is given by the analytical formula

ni(x):—ixzwtcliz+c2i fors =0

2c.

n(x)= -4 Clie\Fcix + CZie_‘%X fors >0
C.
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2 How can it be done?

Analytic formulae: Diffusion model

Exam!gle calculation of the pressure profile for the arc section of Diamond (courtesy of O.B.Malyshev,
ASTe aresbury, UK)

Pressure (mbar)

1107
Average pressure:
without a beam:
<P,> = 1.10-° mbar
1107 due to SR photons only:

\ ‘ <P,> =1.10-° mbar
Sum (i.e with a beam):
<Pdin> = <Pf> + <PY >=

= 2-10-° mbar

= urth =F beam

— wio 5B beam

'E_:::_: eSS

10
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2 How can it be done?

*  Analytic formulae: time-dependent analytic profile (*)

Tube

L

The differential equation is:
dp(x.t)

(.’L(:‘J)=—q(,\:,!)+\-‘7 4)
ox~ ot
where ¢(x,1) includes both the steady state degassing from
the walls, ¢.. and the impulsive source, ¢;. and v is the
volume per unit length of the tube. A product of two delta
functions will represent the impulsive source:

q,(x.1) =q"6(x)d(1) ©)

5 q Qs

_./E‘ I'I-2 O +.£‘ I'I- 2

\ \ . .
HVP HVP where ¢’ is a constant proportional to the amount of gas
Figure 1: Schematic drawing of the geometry studied. e
T . —_— I . q\ (_)-- 1 L
HVP represents a generic high-vacuum pump. plx,)=—2x? 2L 4 = |4
2c 218 de
’ (6)
q V )
0 s +———exp[ ——x
se10”s (drev)s L At
- 107 s .
1 }"n_ - 5 One can see that this solution corresponds to the
0,014 e 22107 s - :
3 " — 55107 combination of the usual parabolic steady state result plus
_ 1 \\ \ s 10%s a transient solution represented by a Gauss function with a
g 1E-33 \ A 10°s time-varying standard deviation. This result was obtained
‘B 3 N\ 2 Jag ; e . SRR
E 1 \ \ considering the following boundary conditions:
_35’ 1E-4 5 | e there is a maximum of the pressure at x = 0;
& e for the steady-state solution, the pressure at the
= BS54 '\,‘l end of the tube, x = L/2, is the total throughput,
] N Or. divided by the total pumping speed, 28S.
1E-6—; e for the transient solution, all the gas reaching the
pumps is pumped.
1E-7 T T T T T T T i
0 50 100 150 200

Position (cm)

Figure 4: Pressure profile along the tube at different
times, for x = 0 cm.
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Montecarlo (MC) method #1:

2 How can it be done?

Under UHV conditions the following assumptions can be made:

« Each molecule is independent, i.e. it collides only
with the walls of the vacuum chamber

* The reflection of molecules from the chamber walls

is diffuse (Lambert's Law)

* The accomodation coefficient is equal to one, i.e. the
molecules are thermalized o the wall temperature.
The Maxwell distribution of molecular speeds is

valid

* The gas obeys the ideal-gas law: PV=RT

* The average velocity, most probable velocity, root

mean square velocity of the molecules, and the

inpingement rate are given by:

7 =

a

Impingement

average

a

V,,, =Most probable speed =

rms

rate =

speed =

NI
| =[P >
5 =14

Maxwell's Velocity and Energy Distribution Functions

N dw V/d :
G=sin™,[g  with g uniformly distributed in [0,1]

do=sindd6de
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(*) "Molflow User’s Guide, R. Kersevan, Note ST/M-91/17, Sincrotrone Trieste

2 How can it be done?

Montecarlo (MC) method #2:
+  Let's assume, without loss of generality, that a vacuum system be modeled using polygonal planar facets;
Let XYZ be an arbitrary cartesian frame of reference;

Let X"Y"Z" be the frame of reference whose origin corresponds to the location of a molecule located on the
facet, with Z" perpendicular to the facet;

Let X'Y'Z' a frame of reference parallel to X"Y“Z", whose origin is the same as XYZ;

Let o and B be defined as such: B is the rotation about the Y axis which takes X onto X'; a is the rotation about
X (X') which makes Y become Y';

With such definitions, the following transformations can be written:

X"y (1 0 0 X'
Y"|=|0 cosa sinal|Y' PLANAR FACET __Z" = NORMAL TO IT
Z" 0 —sina cosa )\ Z'
X cospg 0 sing) X" )
Y |= 0 1 0 Y
Z —singg 0 cosp )\ Z" ¥y
Upon desorption of the molecule from the source facet s, '/
let L be the generic length of the trajectory to the next - 4 o
target facet t; i
get f X"=Lsindcos¢p
Y"=Lsindsing o L
Z"=Lcosé x
"2 X

Combining the two relations, one gets
X, =X+ L (sin@cosg@cos S —sinfsin gsinasin f—cos & cosasin J) ¥
Y, =Y, + L (sin@sinpcosa —cosdsin a)

Z, =Z,+L,(sin@dcosesin S +sin@sin psin o cos S+ cosé cos a Cos )

where the value for L, L,, i.e. the length of the trajectory to the next facet encountered, is a function of the
geometric description of facet t, and it is not given here (see (*) and references therein)
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2 How can it be done?

Montecarlo (MC) method #3:

- Averaging over a large number of molecular
traces yields estimates of the pressure,
inpingement rate, conductance, pumping
speed, etc...:

* Let N be the number of molecules entering, for
instance, a tube from one end;

* Let m be the number of molecules leaving the tube at

the other end: N 7 ——__X

w=m/N is the transmission probability:

* The values for w follow a binomial distribution, which w-(1-w
has a standard deviation _> O = (N )
* If n; is the number of molecular hits in the i-th
segment of the tube, and P; the associated pressure, o
then the normalized standard deviation for the "L_; i

pressure P; is:

s o, (%)= |~[1-"] 100 LSRR
Gni( o)_ _( _ﬁj :

n.

R. Kersevan - ESRF, Grenoble - CAS Vacuum School -

tija d’Aro, Spain - June 17-23 2006
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From T.Xu, JM. Laurent, O. Groebner CERN-LEPVA/86-02

° o ...--’, - P ] |'\;‘:'": i
2 How can it be done? : N
Montecarlo (MC) method #4: how to convert i s
from molecular hits to pressures [
* If n;is the number of collisions on one segment of ) 17/
the vacuum chamber (A cm?), and Q is the outgassing Lo 1
(in mbGr"l/S), Then Q/kT iS The numbel” Of 1 'j \ pressure in beam channel If
molecules/s. If N is the number of molecules traced, . /
then, the mean number of collisions/cm? in that \ /. ‘ /.f’
segment is - \ & T ' \\,,\ /
- ¥ oo e b B .
Z- — n/ ) f,.:_ . o ‘*;
i AN i s fas o F g o Trogid e
| . + ik ., 1:..‘;"*'* .+ t:’ # ¢ h & i *A ++4+ +H
* The estimate of the impingement rate is ST
2 Q chamber 3 bending magnet chambers
. : ﬁ | | 1 1 L | | 1 ! _\ i 1 1 \
I AN kT Lep™HALF TELL ¢ - “ g
* At equilibrium, the relation between the pressure P; R
(on segment i) and the corresponding inpingement o
rate Z; is ‘
4KTZ. 40n. | g g o wo,
Pi — IV =<1 J //!/
2 V,AN S - =
S L el | Kl IR SOMMSARAIORIE [ I S
4Q
o = o 2 » J i ; |
Va AN 0 10 20 30 40

R. Kersevan - ESRF, Grenoble - CAS Vacuum School -
tija d’Aro, Spain - June 17-23 2006



2 How can it be done?

Montecarlo (MC) method #5:

+ Time-dependent case: acoustic delay line at Tristan

synchrotron
:ln in 40 &0 50 0 i
| 1 1 L i 1 1 i 1 1 i ‘[III]
140 140 150050 jainciqn TR0 LRRCLIO
% N ) 14140 o,
‘ S H 'j] i
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* The length of all trajectories is translated into

time intervals by means of the average molecular

speed
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2 How can it be done?
Montecarlo (MC) method #6:

Optimization of the pumging/tr-appin efficiency of a pump-out box in order to minimize the pollution of the
SC RF cavity of CESR (Cornell Electron-Positron Storfxge Ring): (*)

A small excerpt from the paper abstract: /
/

riods are compared. Gas species are analyzed. A Monte-
Carlo computer code 1s used to simulate the gas conden-
sation/adsorption profile along the waveguide. The warm-
up desorption curve is extracted, which might help us to
understand the interaction between gas molecules and sub-

. - . 100
| strates. The pumping speed of the window pump-out box NS e aaEh
was evaluated by using the same code and was compared:
«with the speed due to cryvo-pumping. New designs of the !
. . : :J /
. pump-out box were explored to improve its pumping speed. ' g
| _ { |_ |z . 2
L ; { > 70
/ } - / Z
/ Nb waveguide = A £ 60
FBT transition Heat excﬁyg - “ f_
Z 50
B
H ! . * o1 0.1 1
., ion pump . .
- | A N e
— « ' T Sticking Coefficient
RF 1 ) Pump-out box Elbow
Wincowy, (with two 60 I/s ion pumps) /
Mo P4 Figure 4: Ratio of the Hs adsorbed by the Nb waveguide to
Figure 1: The SRF cavity for thet‘ES'RTuminosity upgrade that enters the cell of the cavity as a function of s

(*) "Condensation\adsorption and evacuation of residual gases in the SRF system for the CESR luminosity upgrade”,
R.L.Geng et al., Proc. PAC-99, p983, 1999 17
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2 How can it be done?
Using Matlab, an implementation of the Montecarlo method
Example: multi-cavity (50) RF accelerator pressure profile (*)

- A series of Matlab programs are written

Accel = Accel build Generates mesh geometry.
ray =  outgasisowrcecell]  lannches initial random ray.
hit =  impacd({ray) locates hit coordinates on Accel mesh.
ray =  bouwncer(hit, ray)  re-emits ray from surface until pump capture.

* The first one does the meshing

cvlinder

iris 1

outlet disc x 107

7lconductance modeli— i " St o e

inlet disc

* while the others generate molecules according o N
to the cosine law, find the impact with the next P O 42600 T W SRS O U S S
element in the model, and then iterates until o I A S S S S S N
the first "pump” is found 3

* The result is compared to a conductance calculation
based on adding the reciprocal of the conductances b h
Of each Of The 50 Ce”S... > 1 , .......... .......... h ......... ......... ......... ......... .......

U 1 1 i i 1 1
5 10 15 20 25 30 35 40 45 A0
cavity number
(*) "RF accelerator pressure profile”, 6.B.Bowden, Linear Collider Collaboration tech note LCC-078, Stanford, 2002 18
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Example: comparison of Matlab implementation of MC and full MC for multi-cavity (50) RF

accelerator pressure profile

P torr

2 How can it be done?

)

20 25 30
cavity number

“1/s8))

Pyie ( torr / (torr

MC Calculation of the Pressure Profile for a 50-Cell LC RF
D = 8.4mm; Length = 8.75mm)

(cavity ID = 22mm; Tris I

1 5.0E-9

11 4.0E-9

PARABOLIC FIT
P=A+B*Z+C*Z
TA= 11245

= 2242124
C=-512.4913

H 3.0E-9

| 2.0B-9

—CONDUCT

ANCE = 8.028E-2 +/- 1.334E-4 (1 'm/s)

1 1.OE-9

2

I/s/mm”)

@ Qg =1.0E-13 ( torr -

Montecarlo: 36,000 molecules, 1/36 symmetiy

(*) "RF accelerator pressure profile”, 6.B.Bowden, Linear Collider Collaboration tech note LCC-078, Stanford, 2002
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2 How can it be done?

Transfer-Matrix method:
Program: VAKTRAK

- Starting from the equation c dP where s is the linear pumping speed (I/s/m), ¢ the

—SP =-
dx? q specific conductance (I'm/s), and q the specific

outgassing yield (mbar*l/s), we get a solution of the type

P(x)=Ce” +C,e™ + 4 with @ = \/%

S
: : : VAKTRAK; B-FAC - ARCS 1/2 CELL.
* By analogy with machine lattice programs (e.g. TRANSPORT), T ERAGE P1d - 0.000E 077 07y o2
£

where the particle beam is tracked through the magnetic
lattice, the transfer matrix for the pressure through the

0
=]
n
~
[o ]

"vacuum lattice” is given by:
i E 108
cosh(al) sinh(al) _q COSh(O;L) -1 ;
P(L) a C - f\[ ] P %
dP/ (L) |=|asinh(al) cosh(al) - g sinh(aL) dp%x £
C a ]
1 O O 1 1 >3 ggg :\ A Bt . R N T S0 ——— s
L‘.‘E 5 230 /w w 3
S, S0 Vo | T =

Z M
31. 7.1882 11:30

Figure 1: Longitudinal Pressure Profile

’B-FAC - ARCS 1/2 CELL.’
26 0.28 8.64 0 1.113E-6 *QUAD*

2 0 0 440 0 '44QL°
25 0.80 8.64 0 1.113E-6 %
26 5.4 8 119 1.063E-6 ’'BEND’
25 0.80 8.64 0 1.113E-6 ° %

2 0 0 440 0 '440L°

25 0.28 8.64 0 1.113E-6 'QUAD’
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2 How can it be done?

Transfer-Matrix method:
Program: VAKTRAK

* Another example using VAKTRAK: analysis of the SIS18 machine at 6SI, Darmstadt;
* Multi-component analysis of partial pressure evolution

B B

1i
Simulation with VAKTRAK 11 b

T - - : . T The calculation fits to the
| e —r 5
W ___ % partial and total pressure
z e i recorded in the period S03
< VST 11 ORI, of the SIS 18.
o E — ot
e 5 L
b | TTEESSSSSSSSSSTS T fee Hy NEG
E P e S U I CO MNEG
B0 | e TR e . | b tot. NEG
Is 10-1’ ] /\/W\‘ ]
7] F
7] b
e 5 R .
a ' Advantages of NEG-coated
2 12/TsP 1Z/15P TSP 12/18P vacuum chambers:
dipole | dipole | straight section | quadrupol
08 ko triplet |
t » Distributed pumping speed for
5E . P S W T L M PR some the residual gases
0 2 ] 6 8 0 12 1% 16 18
length [m] » Solution to the problem of

limited conductance

= Lower desorption yields for
VAKTRAK Code by V. Ziemann: ions, photons and electrons

hittp:/ fwww3.tsl.uu.se/~ziemann/vakdyn/ than stainless steel

== 1L
T. Kurdal GSI Accelerator Facility VBE-UHV 6
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From: J. Kurdal, Proc. IUVSTA NEG-coating Workshop, Catania, Apr 2006



2 How can it be done?

Transfer-Matrix method:

Program: VACCALC®)

RR Vacuum Presaure Profile — H2 and CH4

* Starting from the equation as before we get a solution of O
the 1-ype ; E 3 ineh Cirgular 4 inem Cireular - =
42 N E = u.m_l—-nm-mt:-.mhm. 175 inch} - -
=) : N E'T . F
C e -sP=—q {..discretization..} > | 2 osf—{ |'| f-LI f’ﬁ , _
. ) . . :': . l | A i\ i
* A technique based on the finite differences is used to solve £ 04 |r| | Ll {1 i “ il
. . . L IJJ " AR ALY
the differential equation wit ol 0 LA i | h VLY
ﬂ.:'l!;lﬂli le '-U L"I |-I-, I-rl--[ ﬂ'} i ¥ o
d (c OIF)) sP + ozl W T
dx = dx
01
i(c_ dPy” (6 = C)Py + (6 — ¢y P i 2
dX I dX 2AX2 B‘l- mEE ® B EF ASERESE SEE BE S BB @ @SR
(CH—l B CI—1 + 2CI )F)I g Fx.: L | -.; il w e sy (LR
ZAXZ '—U‘Z}__, i L | L 1
280 230 30 320 340 B0 380 400
- which becomes in matrix form RR Location (m)
( co43c 2 cgtie 3 9
_% - 814z Tl Pl —ql.-ﬂE" — 2@1.312
! Cz+:z—1 _ “i+1+°;—1+2% — g A7? C»e+;+“:a ¢a+12+°e' \ F"a _ _'-?i"' 52
":ra—l"l'ac-‘?- _ cn.—l-l'a":-:?- _q .&32 Pu. —{nt Ez '—QQR.’L\E
\ ] i 2 o /
- and can be solved to obtain the pressures Pi"”
From: ““Residual gas pressure profile in the
recycler ring”, M. Gounder et al, Proc. PAC 2003 22
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(*) “"A method for calculating pressure profiles in vacuum pipes”, M.K. Sullivan, SLAC, 1993



2 How can it be done?

Another implementation of discretization and matrix description:

Program: VASCO®

* The 1D-diffusion equation for steady state conditions, where the surface coverage is assumed to vary with a time

constant much longer than the gas density

an,(x.t 8 n,(x.1 Ay, "
O illg p) #fqg TR ELRE o By
ot d.x € ; ' !\ 4 /

Wher

g

volume of the chamber per unit length [m™]; 45 surface area per unit length [111]@chamber Cross

- 2 - . - -
section area [m’|. On the right hand side the following terms are found. in the order:

1.

Lh

6.

Molecular diffusion due to pressure gradient: ¢ * [J,= specific conductance per unit length [m*s]. and
@= % 1‘2 - r(x) diffusion coefficient [m”-s™'] for a section of radius = r(x).

Ton induced desorption: 7 = beam current [A]: ¢ = electron charge [C ]®.+ g ion induced desorption

. . . . . .+ b . . . . .
yield in number molecules g per incident ion j : O; = ionisation cross-section of the gas-beam particle

J
interaction [m~].

Distributed pumping due to either a surface with a sticking probability a, for linear pumping along the

_ || g1  Maxwell-Boltzmann distribution average

1 -1 -
wall chamber C, [m™s™] per unit length: |
! Vomo-m

i

2
g

molecular velocity [m-s™]. with temperature 7 [K]. molecular mass mg [kg] and the Boltzmann constant
kg [kgm™K1s7].
Photon induced gas desorption: ] ph.g photon induced desorption yield in number molecules g per

incident photon; I" p» = photon flux to the wall per unit length [111'1 's'l].

Electron induced gas desorption:| 7], ,| electron induced desorption yield in number molecules g per

incident electron: I'p= electron flux to the wall per unit length [m™-s].
= . o it A 2.1
G = thermal outgassing per unit area [m s |.
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(*) "VASCO (VAcuum Stability Code): multi-gas code to calculate gas density profile in a UHV system”, A. Rossi, CERN,

unpublished,



2 How can it be done?

Another implementation of discretization and matrix description:
Program: VASCO®™ #2

« It can be assumed that the ions accelerated to the wall can be implanted or have a long sojourn time.
* In this case the ionized molecule is lost from the particle balance, and the term

I
b
——0, N

e g

should be added on the right side of the equation.
* The set of equations seen above can be expressed more concisely in matrix form:

n= [”Hj e, Nco  Nco,
(D, 0 0 0
0 Dey, O 0
0 0 Do O
0 0 0  Dgo.
o, 0 0 071
0 0
0 0 o, O
0 0 0 o

A=a-

Gl
I

nN
D
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A. Rossi, CERN, unpublished,

(*) VASCO (Vacuum Stability Code): multi-gas code to calculate gas density profile in a UHV
system”,



2 How can

it be done?

Another implementation of discretization and matrix description:

Program: VASCO®) #3

The thermal outgassing rate Q in (molecules/s/m?) (where qg, is in Torr1/s/cm?) is

Analytical and Numerical Tools for Vacuum Systems - R. Kersevan - ESRF, Grenoble - CAS Vacuum School -
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”.lr;—.lr; J’j",_.l_l Ty

TI _ TIJ.';—;'.I.', rjlu':.',_’—c'.l.',
I JF.-:; -0 TI\".'.' vl
”.'1:* —Cily 1‘]“__” -0,

n.= [TL--H: Ne—CH,

Q=

1.33

”{'r;*—u.

JFc'r;*—n:'rl

n
Neor—cu,  Meo;-cn, |

n

n

”c'ri'—-:'rl:

Ne-co  Me-co, ]

”,".'l = I:n.rr."a—.'i: F-Illu.lr—('.f."J_ F-Illu.lr—('f} n_r-‘."a—( rJ:]

1 0 0 0
My,
0 v 0 0
.[Bk,T/m
0 0 1 0
Mg
0 0 0 1
J”!'-':J‘-.
Cy, O 0 0
—_ 0 Coy, 0 0
S 0 Cpp O
0 0 0 Cgo,
ay, O 0 0
=_ 0 acy, O 0
0 0 @ O
0 0 0 aqp.

-105[
—_l_qH2 Ocr, Yeo qcoz]

K
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(*) 'VASCO (VAcuum Stability Code): multi-gas code to calculate gas density profile in a UHV

system”, A. Rossi, CERN, unpublished,



2 How can it be done?

Another implementation of discretization and matrix description:
Program: VASCO® #4
* The vacuum system under study is then discretized and all quantities and parameters of the N sections are defined

T
£ i i1 gxl,l
- o . The geometry considered by VASCO is
' Lo N always radially-symmetric (cylindrical),
in order to allow a one-dimensional
S . g approximation (1D-diffusion equation)

* This algorithm has been checked against a MC calculation, for obtaining 'rhe pressure profile for ALBA

Analytical and Numerical Tools for Vacuum Systems - R. Kersevan - ESRF, Grenoble - CAS Vacuum School -

Distance (cm)

Figure 1: Comparison between VASCO and MOLFLOW results for the case with in situ bake-out, at 400mA. after 1000Ah

Silken Park Hotel San Jorge - Platija d’Aro, Spain - June 17-23 2006

it TRNL Protogrt/ .
LEOT T 4o Pt b shdon d b5 P hptbpand ot ;*tvrt*t That
4 ¥ " ' (%, a8l |~ =ala - ——l b i 50 _
G S i Ganht i ke Tl [l e W_ B Gk il z
1.E-08 i 0 z
5 1 50 =
s _\/J\___ ;\r\ \/ \/ f\/\, 7 A /-\5__ ;f\f\ =
= II'- 7 ~ .I"\..-.. |
' --u‘.f‘ ./ N
1.E-10 + =L SN e == uchu ) ol
thermal —PSD
thermal (VASCO) PSD (VASCO)
—— VASCO geom —— VASCO geom 9
absorbers 4 ion pumps
X valves
1.E-11 T T T T
0 1000 2000 3000 4000 5000
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A. Rossi, CERN AT-VAC

(*) "Report on calculations of pressure profile for the ALBA synchrotron light source”,

Tech.Note, May 2006, unpublished,



2 How can it be done?

Another one-dimensional algorithm: Application of the Continuity Principle of Gas Flow (CPoGF)#1

The CPoGF algorithm is, basically, a reproduction of the balance equation for a 1D discretized system:

based on the equation Ci (Pi—l ¥ ) + C|+1(P'

Different boundary conditions (BC) can be considered:

1) Periodic BC:
[Py =P
|_PP2+1

The pressure equation (1) becomes
Ci(F - A+ Ca (B - A+ ¢ =517
Ci(Boy—B)+Cy (Byy - B)+ @ = 5, R
‘c (Pyy —P)+C (B -P)+Q, =5,F,

with =2, 3, ..., n-1.

i+1

2) "Smooth"BC:

[Ry = A
|.sz+1

The pressure equation (1) becomes
Cy(Py—P)+ Q) = 51 A
1Cy(Boy~ B)+ Coy (Byy — B+ G =
‘.::f (Pyy — B+ 0y = S, B,

with =2, 3, ..., n-1.

27
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Proc. Int'l Workshop on

Performance Improvement of e-e+ Colider Particle Factories”, Tsukuba, 1999

(*) “Calculation of pressure profiles in the CESR hardbend and IR regions”, Y. Li et al.,



2 How can it be done?

Another one-dimensional algorithm: Application of the Continuity Principle of Gas Flow (CPoGF):#2

3) Fixed-Pressure BC:

"—Glﬁ + (B - R)+ (O + C1Ry) = 51A
<Ci(Boy - B)+Ci(By - B)+ @ = 5B

_CM{PM—I_Pn}_CIPn"'{CnHPnH + )= Sy

with =2, 3, ..., n-1.

Implementation of the algorithm:
Smooth and fixed-pressure cases:

G R+ B+bE  =d (i=1,2, ., n)

where, for ( 7= 2,3,..., n-I)
‘.ﬂz' =—C; J(C; +Chy1 + 5)
by = =Cy (S +Cppq + 55)

I
_d.f = /‘:Ci +C 41 + 5%)
Coetficients for elements #1 and 71, for

the smooth boundary condition are

iy =0

aby =—C5 (5 +5))
dy = [(Cy +5))
y = —Cy (T + S)
1b, =0
.dﬂf,%ﬁ%f%}.

while for the fixed pressure boundary condition

d1={}

aby = -Cy () +Cy+5)

dp = (@ + CLR)/(C) + Ty +5)
-EIPE =_CP2/{CP2 +Chy1 + 5y)

Ib, =0

.dﬂ =y + Car1 Funt }/{Cm +Chp1 + 5p)

One can proceed solving for P; in the i-th equation and
then substituting it info the (i+1)-th, and so forth for
all i's. With this FORWARD SUBSTITUTION

with

technique the equations become

) * *

B =d -b P
N TP RS
_Pﬂ:dm

by =b
T

dy =d

B =b Ja-ab )
g T . (=23, .0l
dy =(d; —a;d; 4 }/fl—ﬁz'bz'—l}

* *
dy = (d, _andm—l}/{l_dnbn—l)

____.. Systems - R. Kersevan - ESRF, Grenoble - CAS Vacuum School -

Silken Park Hotel San Jorge - Platija d'Aro, Spain - June 17-23 2006

Proc. Int'| Workshop

on Performance Improvement of e-e+ Colider Particle Factories”, Tsukuba, 1999

(*) "Calculation of pressure profiles in the CESR hardbend and IR regions”, Y. Li et al.,



2 How can it be done?

Another one-dimensional algorithm: Application of the Continuity Principle of Gas Flow (CPoGF): #3

Now the Er'essur'e profile can be easily calculated by
CHASING BACK, i.e. calculating P, and then
substituting it into the (n-1)-th equation, to calculate
P,.1, and so on till i=1

Implementation of the algorithm:
Periodic BC case:

"alf}g + A +b Py =dy
s B+ R +b R =d, (=23, ...,01)
‘_apzpﬁz—l + 5, +bﬁzFi =d?2
fori=i2, . .n-i
8; =—Cy [(Ct +Ci4y + 5y)
b, = —C, NC; +Cipy + 8;) (=1,2,..,0-1)
d; =G (G +Cypq + 55)
and
y=—Cyf(Cp+Cp+5y)
ab, =—C (T, +C+5,)
,dn =QP2/{CH+C1+SPE}

The equations can be re-formatted to the form of

G R+ FB+b R =d (i=1,2, ., 1)

By solving for P; (i=1, ... n-1) as a function of Pi+1 and
Pn, the equations for the periodic BC case become

and

or

with

R=d -bBRg+a:B (=1.2,.. .0-1)

1

E E E

P=d,lb,—B b,

* * *
1 = —dq s bl =b1_, t’il =L’i1

amd for =2. 3, ... n-1

and

I

* * . *
a; ==a;8; (l-a;0,)

4

Ib =b Hl—ab_)

*

d; =(d; _aid:—l }/{1—'51;'5.:—1}

T

A =(dy —apdu }/{l_aﬂaﬂ—l —tybyy)
N ¥ * *
by = by /{l_dﬂdﬂ—l —dpby1)
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Proc. Int'| Workshop

on Performance Improvement of e-e+ Colider Particle Factories”, Tsukuba, 1999

(*) “Calculation of pressure profiles in the CESR hardbend and IR regions”, Y. Li et al.,



2 How can it be done?

Another one-dimensional algorithm:

* *
Substituting Fp =dp—0, 7
into aiBy + f + b Py =dj E”
to eliminate P,, one obtains é _
' ok ok 1o
R+by By =d _
B+ R +b A =d; (2,3, ...,10-1)
¥k ¥k
Oy o1+ 5y =d,
This equation is exactly the same as i

GhR o+ H+58,

11

=d, (i=1,2,..,n)

and therefore the pressure profile can be calculated

by solving the equation using the same method of
FORWARD SUBSTITUTION and CHASING BACK, as .-
described for the other two BC cases.

.

Example: the CESR ID region, +/- 35rr'\‘"fr'om the
interaction point of the CLEQO detector (*)

I I I T T
P0O00O111  PO0O0OOLL

POOOOOO POO0O0DOL

Analytical and Numerical Tools for Vacuum Systems - R. Ke
Silken Park Hotel San Jorge - Platija d'/

Predicted pressure profile in the IR for CESR Phase IIT
operation at 500mA <500mA beam currents.

I -
=
: o 13 ) I
01 | ISP “§B3 B3 | HI - H6 | o] |
o 500 1000 500 2000 2500 3000 3500
Distwge from IP (cm)
v
Magic Flage o TiSE3m) TiSF(Sm)
TiSP Cartridges TSP Cartidges TiSP Cartidges
(I
| [i¥] 1@7 Yll:
ﬁﬁ \
TEROSE) TiSP(SB3) TISKE3)
QL2
Im 2m Im dm Sn (373 T Tm R 10m m 12m Bm 14m
- I E 3
WG E | | | E
o . 3
i = i
S
— sl _
S'E T E
2o = a
= (=)
- Flnd & -
o el B
=N N = E
+ _ 3
L TisP(im)  TisP(5m) s
L B o [ -
T | | | |
0 200 400 600 300 0o
Distarice fromIP (o

ool -
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Application of the Continuity Principle of Gas Flow (CPoGF): #4

Proc. Int'| Workshop

Tsukuba, 1999

(*) “Calculation of pressure profiles in the CESR hardbend and IR regions”, Y. Li et al.,
on Performance Improvement of e-e+ Colider Particle Factories”,



2 How can it be done?
Another application of the Continuity Principle of Gas Flow (CPoGF) using commercially available
software (MathCAD #1)

RF coupler pressure distribution, RFQ H* accelerator, at the SNS: the aim was to predict
the pressure rise in front of the ceramic window, and avoid damaging it

. ~ - Y &

s & 091 — = Sp— -
~
N
N
S
S . [.__ L
~ ]
I~
T
' PSS )
I _.—_._._._._._I—._ L
Example of Flow balance at several _ | /]
| . ==
nodes: MathCAD script o I 1,
CZa_3a'(P3a - P2a) - C3a_4a'(|34a - P3a) - Q34=0x 10°w Wi . St | O "
C3a_4a'(P4a - P3a) - C4a_5a'(P5a - P4a) - Q4 5=0x 10°w
C4a_5a'(P5a - P4a) - CSa_Ga'(PGa - PSa) - Q5_6 =0x 100W
C5a_6a‘(P6a - PSa) - C6a_7a'(p7a - PGa) -Qe 7+ CGa_9'<P6a - PQ) —Qpa gt CGa_ll'(PGa - Pll) — Qpa 11 =0x 10°w
31
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(*) Courtesy of P. Ladd, SNS, ORNL, Oak Ridge, USA, private communication



2 How can it be done?

Another application of the Continuity Principle of Gas Flow (CPoGF) using commercially available

software (MathCAD #2)
‘RF Coupler Pressure

4571510 1,10 °

P p_port_50

torr

os

I coupler_0
torr

\>a~

torr

=l

Pressure in coupler - torr

torr

=i

4971x10°%,

P coupler_50

B coupler_150

Pressure distribution in RE Coupler

()
U

™

i

110 /

dadi 2 4 6 3 10 12 14 16

. Lopot L coupler 15.558,

Distance ;gr tip of cgbpler - inches
€€ Puping leg
€€ No puping at side ports
€S 50 I/s pump at both ports
©© 150 I/s pump at both ports

32
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(*) Courtesy of P. Ladd, SNS, ORNL, Oak Ridge, USA, private communication



(*) Courtesy of P. Ladd, SNS, ORNL, Oak Ridge, USA, private communication

2 How can it be done?

Comparison with 3D Montecarlo simulation (Molflow), same geometry:

RF Coupler Pressure:

A4571x10°410°

P p_port 50

110

b

Pressure in coupler - torr

g

4971078,
14

MathCAD VS Molflow

HonerEnd: ALFA_U= =0.000 FdUp-FI0n: BETA_U= 45.000 Ui=H 5 of &

Pressure distribution in RE Coupler

HoHnesEnd: ALFA_U= 55 000 FAUpsFd0n: BETA_U= %% 000 UicH O of 0

0 2 4 6 8 10 12 14 16
L p_port L coupler 15558,

Distanc for ipof couplr - nches
©€ Puping leg
©€ No puping at side ports
©© 50 /s pump at both ports
©€ 150 I/s pump at both ports
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2 How can it be done?

Finite-Element Method (proprietary codes and commercial programs) 2

* The anqular coefficients method (ACM) or view-factor method (VF) is based on th

* The total surface (in 3D space) is divided into n elementary surfaces;

* On the i-th surface, the following equation holds

I

n
Vine = Z¢i—>j "V
i1

which leads to a system of algebraic equations

Vi = Voi +(1_gi)zl¢i—>j Vi
i

where Vi =Voi T (1 — & )Vinc,i

g; can be taken as the sticking probability

¢;.,; is the angular coefficient, and

Vas =& Q. PV, is the adsorbed flux
i-1

EXAMPLE: comparison of a continuos model (see
next slide, 1D discretization) vs. ACM

1

(*) "O.B.Malyshev, personal comm.

o I o
e NEEEEUEEE NN =R AR

[ Lo :::/!/:1 o [
//
/
%1&06 A I T o |
€ ool /71| Length = 50cm view factor
L /| | Diameter =35 mm

[
L

R R [ [ [ [ mono- )

[ [ [ o I [ dimensional

A N HE HE HE N

1000 i method
100 7/ :
o

1

0 0.2 04 0.6 0.8 1 1.2
sticking probability

From: “In-situ characterization of NEG pipe coatings: the transmission factor
method”, A. Bonucci, proc. IUVSTA workshop on NEG-coatings, Catania, Apr 2006

It is clear that the 1D analytic method overestimates
by orders of magnitude the ratio of the pressures at
the two ends of a circular tube, as soon as the sticking
coefficient of the side-wall exceeds ~5%

Analytical and Numerical Tools for Vacuum Systems - R. Kersevan - ESRF, Grenoble - CAS Vacuum School -
Silken Park Hotel San Jorge - Platija d’Aro, Spain - June 17-23 2006

G.L.Saksaganskii, Gordon&Breach, NY 1988

(*) "Molecular flow in complex vacuum systems”,



2 How can it be done?

Finite-Element Method (proprietary codes and commercial programs) #2:
The angular coefficients method (ACM) or view-factor (VF) method is based on the mass flux balance(*);

CONTINUOS MODEL vs ANGULAR COEFFICIENT METHOD (ANSYS #1)
So
Py
P,
/’/_n\\ 1
{\Sl ) Ml —-<E Q  ZLERENTE
- A -—x Influx BAT I
L
L dp
CL=— =8
d’p(x) S0 e .
PX) | 9 .
P
¢p('\‘ = O) = p3
L=6m ¢=10 cm P: _ cosh(nL) +—= S =sinh(77L)
N | | 2 JS,LIIC
X . ' where
& X e
-.:; 0.1+ “'~_ ;} = ||I ‘S<-11_[
2 VL
o : L 147E-03 L 100E-02
g . Rl - . SO0E-03 L005
X [ S ——— SR e, =80 L I S ———
g !
0.001 + T T T 1
0 0.001 0.002 0.003 0.004 0.005
sticking probability
S1=0 liter/sec S1=100 liter/sec

(*) "In-situ characterization of NEG pipe coatings: the transmission factor method”, A. Bonucci, proc. IUVSTA workshop on NEG-coatings, Catania, Apr 2006 35
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2 How can it be done?

Finite-Element Method (ANSYS #2):

S5015-05
357805
E13E-05
ESIE-05
- TE25E-05
LTElE-D D
-BZ7E-05
-a%3e-05k
-9405-05
J100s—04
106E-04
112E-04
-1178-04
LlE3E-04
-1ZHE-DO4
_1348-04

TRREEOCOO0EAENmNNN . G

184804
L150E-04

Wafer deposition ion-implanter, Varian Semiconductor Equipment
Ass., Newburyport, MA, USA

(*) "Modeling photoresist outgassing pressure distribution using the
FEM method”, M.R. Lafontaine et al, ANSYS conference

*In the analogy, pressure P is equivalent to radiation

temperature T% the gas flow ¢ to radiation heat-flow
q.

*The following transformations are done

51/—R —oT*
k \ 22MT

¢ <=0
*The pressure is then given by:

1.621-103%*YMT -T* PinTorr

*A pumps is simulated by transforming the pumping
speed S of a pump of effective area A, o the
“emissivity"” of the surface simulating the pump, as
follows:

S R

=&
A 22T P

p

*In the radiation model, the ambient radiation
“temperature” is absolute zero, and therefore the
previous assignment becomes

0.2749,/2”'\%T < ¢, incgsunits

where S is in /s, A, in cm?, & dimensionless.

36

Analytical and Numerical Tools for Vacuum Systems - R. Kersevan - ESRF, Grenoble - CAS Vacuum School -
Silken Park Hotel San Jorge - Platija d’Aro, Spain - June 17-23 2006



2 How can it be done?

A
Commercially available FEM programs can be used to analyse a vacuum system(*):

Example (ANSYS) #3:
. Thermal Analogy

For each quantit fonship expressed in equations
(3) and (4), a thermal conduction analogy exists. These
vacuum/thermal analogies are summarized in Table 1.

Table 1 Vacuum - Thermal Relationships

Pressure Tor T Temperature °C

Q Gas Torrx1 'q Heat W/cm?
Sources s x cm? Sources

C Gas Vs kal Thermal W/ee
Conductance Conductance

The analogy for a pump with a pumping speed S is a
conduction element with a thermal conductance equal to S and
with a temperature boundary condition, T = 0, at the free end.

500 ¢m

q= C(P:_Pl}

400 cm

300 ¢m ‘

le——100 cm_.l
L
==
| |
/

10 em dia. tube

/

4 cm dia. tuoe

pump A (30 Us) not te scale

pump B (30 Ue) —

Pressure (torr)

g
=

Input data script:

iTITLE.E:ampla: WVacyum Calculation Using a Thermal Conduction Medel
com

KAN, -1 *thermal analysis

ET, 1,32 *2-D thermal conduction link

feom

feem=n~em--—-—-define parameters fOr Yacuum chamber--=-—==mscoom-cmmeaa
Jeem

ogas=3E-12 *thermal outcassing fate (torr-l/s-cm~2]

dial=4 *4 om diamere: Lule

dialell *12 em diameter tube

pi=3.1415%

feom

ﬁmm ---------- define parameters for agerturs 10-to-€ cm bubg————s-mmea=
cam

area=pi*dial**2/4 *area of aperture

feom

fOOmm————————— define parameter fOr puUmpS===s==-c-crmemmmmaa e
Foom

punp=30 *pumping spesd of 30 1/s

feom

foom= e define cross section areas-- e e e

R, 1,dial*pi
R,2,dia2*pi

*cross section = surface area for 4 cm tube
*cross section = surface area for 10 cm tube

R,3,area *aperture area

?,4.pump *pump speed = cross section area * XXX/ length
com

ﬁcom ----------- define thermal conductivicy to yield proper conductance
com

ME, KA, 1, 3. 0*dial**2
MP MY, 2,3, Brdialr2

MP,KXX,3,11. T area *for unit length aperture element

MFP,KXX, 4,10 *set equal to pump element length

feom

foom generate geometry of wodel--=-==

fcom

feom generate keypoints---—---=- - -

foom
K,1,0,0 $¥,2,100, 0 $K, 3,100, -10 $K,4,300,0 5K, 5,300,100
K, §,310,-100 $K,7,400,0 5K, 8,401,0 5K, 9,500,0

feom
/com=-===--v---generate line

{com
L,1,2,10 $L.2,4.20 $L.4,5,10 $L,4,7.10 $1,8,9,10 %4 and 10 cm tube sect.

*4-to-10 cm aperture

« 1,8,
L,2,3,1 §L,5,6,1 *purp sections

generate elements for 4 cm tubee-—--c-c—mrmmaaooos
generate slements for 10 €m tube-===—-coe o

generate element for 10-to-4 om aperturg--—-——--——-==w-n=

generate elements for 30 1/s pumps -

REAL, 4 FMAT, 4
LMESH, 7,8
feom

foom======~ define heat generation [cutgassing rate) for tube sesctiops—-

ERSEL,REAL,1,2
QE,ALL, ogas
KTEMP

.~1

*select only 4 and 10 cm tube sections

foom--—mom define temperature {pressure] = 0 at end of pumps--~-----=

fcom
ENT, 3, TEMP, 0 $¥NT, €, TEMP, O

iter,1,1,1
afwrite,, 1
fini
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(*) "Calculation of pressure distribution in vacuum systems using a commercial FEM program - J Howell et al., "Proc.

PAC 1991, p 2297



(*) “Calculation of pressure distribution in vacuum systems using a

2 How can it be done?

Comparison with 3D Montecarlo simulation (Molflow), same geometry:
ANSYS VS Molflow

commercial FEM program - J Howell et al., “"Proc. PAC 1991, p

10—& ODISTRIEUTION FROFILES ALONG SELECTED FACETSE AUERAGE UALUECS)
]
]
—
B
|-
& \ _____
-
=
N 2 oYy
S a2
~ 2 branch to pump B
4]
T
o
pump A LOHGITUDINAL =CALE CA.U.1 OR AHNGLE [0 O DEGREEZ]
10! o T - T T T M
[+] 100 200 300 400 500
Distance (cm)
— e S0 e o
400 em ..i
300 em ‘
—100 c’nﬂ ‘
 Em—
I j/ 10 em dia. tube
/ 4 cm dia, tube
pump A (30 Us) ot to seale

pump B (30 Lie} —

Fanl F
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2 How can it be done?

Another example of pressure calculation using ANSYS (*)

4-way cross with uniform desorption and one pump:

ELEMENT3

MAT NUM

Pressure field distribution Sticking coefficient=0.5

(*) Courtesy of A. Bonucci, SAES Getters, Milan, personal communication, 2006
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3 It’s all about the conductance.. and the gas load!
UMERICAL METHODS:

N

It is clear by now that all numerical calculational methods we have seen so far, except the
MC and the one based on the view-factor (VF) algorithm, need the preliminary calculation of
the conductance of all the elements:

* This conductance calculations have to rely either on MC and/or VF, or on analytical

calculations. The latter ones, as we have seen, are strictly correct only when round(ish) cross-
sections are concerned. In particular they fail very badly when complex 3D shapes are
concerned, which is often the case in accelerators;

* The conductance, in |/s, of a tube of length L and uniform cross-section is given by the well

known formula of Clausing, which corrected one incorrectly set by Knudsen (missed the
correction factor k): 4 L A2

C:kgvaj‘qu

0

- Where A is the cross-sectional area in cm?, H the perimeter in cm, v, the average gas velocity

in m/s

* For an arbitrary cross-section, the calculation of the correction factor k is, against what one

could think, gquite a formidable task, which has been the subject of many papers throughout
the last 70+ years

- Considered how many of the algorithms that have been described so far work, it is easy to

understand that the under(over)estimate of the value of C may “propagate” through the array
of elements which make up the model

NALYTICAL METHODS:

A

the Clausing (integro-differential) equation for arbitrary 3D geometries cannot be tackled
easily, if af all. In general, it can be said that only when the accelerator’s chamber resembles
a lon ds'rr'aigh’r tube with circular cross section, the use of the analytic formula is fully
Justified.

As far as anal{ﬁc calculations are concerned, again the same argument holds: the resolution of

One example will be given now, which will make clear what all this means...
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MOLFLOWE.COM - FROZEN

u.)

o BEAMCH. 22:
o ANTECH. 24.70 "

SLOT 2434 "
o ACROSS 2374 "

Pressure (a
%

TRANSM. PROB.: 25.18 I*nv/s

ANALYTIC: 19.94 I*m/s

* The transmission probal
generatmﬂ molecules at (0]

\(rélg% Cl§ then multiplied : T
) CTI’ :11.1 {}(}{}(} _IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_ {}{}{}{}
- Calculated data for the 0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0
which the specific cond _
STAT: Nopn=1,114,000 mol. Z (111)
P(x) =Q(Lx—x2)+9
2C S

* As can be seen, there is not a univocal value of the specific conductance: it depends from
where, in the cross-section, it is calculated. The spread between the smallest value (Knudsen)
and the highest (transmission probability) is more than 26%. The spread between the chamber
and the ante-chamber values is almost 10%:

- As a general statement, it can be said that the correct determination of the value of the
conductances of all the elements used in the calculation is of paramount importance.
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3 It’s all about the conductance.. and the gas load!

GAS LOADS #1:

In order to calculate correctly the pressure profiles, it is clear that the determination of the

gas loads Q must be made correctly. Failing to do so could lead, for instance, to pumps being
placed in the wrong position;

- To this aim, at the ESRF élus’r to make an example, the whole machine has been carefully
studied and documented (“Blue Book”) in terms of points where the intense synchrotron
radiation generated by the 200 mA, 6 GeV beam is hitting the vacuum chamber and absorbers:

Le e, Geometrical calculation
®°° There are two types of dipole bending magnets per cell in the ESRF storage ring :
..

1) with downstream soft end B1

E S RF 2) with upstream soft end B2

S | Y
,B %%sr ,6 '?ﬁa’dg,
!
)W DN
@ - (%, 5) &
SYNCHROTRON RADIATION x 0 x
POWER DISTRIBUTION 0
IN THE ESRF STORAGE RING R,
VACUUM CHAMBERS B1 R B2
* FAN DRAWINGS
* POWER DISTRIBUTION ON THE ABSORBERS
case 1 : dipole magnet Bl case 2 : dipole magnet B2

Update March 2004 B.OGLER. - B. PLAN - L. ZHANG
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3 It’s all about the conductance.. and the gas load!

GAS LOADS #2:

- The ESRF Blue Book: the XY coordinates of the source point, the angles of emission and
absorption, the e- beam size at the source, the linear (Pl) and surface ?Pa) power densities,
and the total power intercepted by each chamber/absorber, are shown:

Longitudinal Photon Flux and Outgassing on CV3, £>10 eV
- Q scaled according to a power law: l
3.0E+14 Q=AD"? — 1.00
P . .
= i D=photon dose mn ph/m; A=const. 1 |
— 4.0E+14 |- 0.80 —
= - <
e = —
o | ; ]
S 30EHA 0.60 = =
@ i 2 |
5 0E+14 | 5
T 2.0E+14 |- 040 &
L - o
] i A N
=y = ' I| II || [
= LOE+4 — 0.20 —
00 i I | | I | | L1 | | I | | I I | | I | | I | |_ 000 ]
0 50 100 150 200 250 300 350
fﬂ Z (cm) .
11 It is important to choose the right outgassing profile!
171 1H 1 297 121 45 4439 LR [EREN LY 04.21 121,71 S24L.0L50
12 | 1H ‘ 1 ‘ 4<:|ﬁ| 35.20 z.m4| 30074| 0126  55.65 1'.-'6.88| |
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4 Conclusions #1

The following table shows a comparison of the different types of calculations we have seen so

far:
MODEL PROs CONs
Analytic FAST, ANY SUPPORT (paper sheet to Usually 1D (cylindrical approx.); No molecular

FEM/View-Factor

Montecarlo

CPoGF

Kirchhoff Law Equiv.

Symbolic Processors

supercomputer)

Accurate; multi-purpose. Fast;
Integrated environment:
mechanical/thermal/vacuum
calculations on same model; Gets
molecular beaming effects OK;

Accurate; Fast; Gets molecular
beaming effects OK:

Fast; Intuitive;

Fast; Pedagogically useful;

Elegant; Large choice of programs;

beaming effects; If really accurate >slow
(integro-diff eq.). May need pre-calculation of
conductances;

Can be expensive (license); Needs training; Time
consuming modeling;

Slow; Reference program doesn’ t exist yet;

Practically limited to 1D problems; Needs pre-
calculation of conductances;

Prone to keep the user away from the real
vacuum issues;

Can be expensive (license); Large choice of

programs;
44
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4 Conclusions #2

- As we have seen, nowadays pressure distributions inside the vacuum chamber of particle
accelerators can be calculated in many different ways, using both commercially available
programs and “freeware” codes. Many of the latter are shared on the internet:

. Analxﬂc calculations are leaving the place to advanced and sophisticated numerical simulations,
which take advantage of the never ending increase in computing power of today's personal
computers;

« There is no general agreement on which the code of choice be: engineers will prefer FEM
calculations, while physicists will probably go for modifications of machine-lattice codes, or
Montecarlo simulations;

- Vastly different mathematical approaches may be behind each Crr'ogr'am: care must be put into
checking that the physics of the process be correctly described by the algorithm chosen;

* Ideally, more than one calculation should be carried out, and in case of large discrepancies a
careful determination of which solution is correct should be reached;

- New codes should always be carefully benchmarked against existing, published results and
analytic calculations of simple geometries (e.g. straight round tubes and Clausing's result);

 Together with codes for the calculation of pressures, also codes which evaluate the correct
desorption profile should be used. A wrong estimate of the gas load (dynamic and static) will
lead to the wrong pressure profiles being obtained.

Tomorrow's particle accelerators will need tomorrow's vacuum calculation
codes: take your chance at developing the code everybody wants to use!
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