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Agenda:
» Why do we need to make sophisticated vacuum calculations for particle accelerators?
» How many ways are there to do it?
» How is it done in practice? Theory and examples;
» Synchrotron radiation, e-cloud, and all the rest;
» Conclusions.
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1.

Why do we need to make sophisticated vacuum calculations for particle
accelerators?

Energetic particles, charged or neutral, interact with matter;

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;

Few examples, to clarify. The vacuum level and quality of...

Lepton colliders (e.g. B-factories, synchrotron radiation (SR) light sources) are strongly affected by the SR-
induced outgassing yield of the materials making the chamber and SR absorbers. Most of the outgassed
gases are H, and light carbon-containing species (C,H,, CO, CO,, plus water). Their interaction regions (IRs)
are very sensitive to the radiation background (damage to the electronics inside the detectors);

High-energy hadron colliders (protons and ions) are strongly affected by the secondary electron emission
yield (SEY) of the materials making the chamber (e-cloud effect). The outgassed species can be heavy
gases and/or sputtered materials which could lead to beam losses (= severe damage of vacuum
chamber/leak, radiation damage), heating of cryogenic magnets and cavities (= quenching), and so on;

SR light sources: same as lepton colliders, with the addition of the requirement that the bremsstrahlung (BS)
level inside the experimental hutches be low enough to let the users in during the operation of the machine;

As a general rule: the lower the pressure (locally and globally) the better, but gas composition is very important.
The higher the atomic number of the atoms composing the residual gas the higher the scattering probability (e.g.
=Z(Z+1) for bremsstrahlung)

Clear mathematical relationship are known for the description of the interaction between charged beams and
residual gases: elastic and inelastic scattering, on leptons and hadrons (in most cases on e and nucleons), and
other interactions;

The designer of a new machine is therefore interested into knowing what the pressure profile will be, in
order to predict the overall performance of his/her accelerator: beam lifetime, ion trapping, emittance
blow-up, bremsstrahlung level, material activation, and more.
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Why do we need vacuum in accelerators?

Collisions between gas molecules and particles have to be minimized, otherwise the

energy of the beam or its trajectory can be modified, leading to: Source: P. Chiggiato, JUAS

Excessive Losses Bunch-size growth

Damage to Excessive noise in Increased induced Reduced bunch

instrumentation detectors radioactivity Intensity

Risk of quench in | Excessive ’ Low;zrri IIIEJmnmo_sny,

superconducting bremsstrahlung e da riﬁ{t )
magnet/cavities radiation creased emittance

v Beam instabilities

Induced corrosion and Risk for personnel

material damage safety

A ‘good vacuum’ (low molecular density) is also necessary to:

» Avoid electrical discharge in high-voltage devices (tens of MV/m in RF cavities,
couplers, waveguides);

Reduce the heat transfer to cryogenic devices (e.g. insulating vacuum in
cryostats)
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Beam Loss Mechanisms

- Depending on the type (collider, storage ring, cyclotron, etc...), the energy of its beam(s),
the type of particle(s) being accelerated, and several machine-specific parameters (the
“optics” of the machine), each accelerator is subjected to a variety of beam loss
mechanisms, which affect its performance sometimes in dramatic ways;

» One important class of beam losses is the one related to the interactions of the beam(s)
with the residual gas (RG) inside the vacuum chamber, along the path of the beam(s);

» These interactions can be due either to elastic or inelastic scattering off the nuclei of the
RG molecules or their electrons. Examples are Coulomb scattering, Bremsstrahlung
scattering, charge-exchange. The result of these interactions can either be a direct loss or
the generation of high-energy secondaries (photons, neutrons);

» These scattering interactions are described by precise analytic formulae, and can be
correlated to the beam loss rates measured along/around the accelerator;

» A careful analysis in terms of expected pressure profile -depending explicitly on the
gas composition- can be very helpful in order to design and operate efficiently and
safely the accelerator itself and the experimental areas around it;
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The beam lifetime 7 is defined by the current decay rate I e e e e e e e e e = = -
1/r = —I/I, which is the sum of the Touschek (T) rate

and the gas scattering (G) rate Ref.: S. Khan, "Study of the BESSY II beam |

lifetime”, Proc. PAC-99, NY, p2831-2833 '
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The Touschek decay rate can be written as (e.g. [4])

T 870,0,0. 7% (Ap/p)®

1 Nric D ((&pg’p}zag,) @

~2
)

[

|

[

|

[

|

[

|

[

|

[

|

[

|

I where D ~ 0.3 is a slowly varying function that is evalu-
I ated numerically. Relativistic effects and beam polarization
I' modify the Touschek rate on the level of 10-20% [5].

I The total cross sections for elastic and inelastic scatter-
: ing on residual gas nuclei (N) and electrons (e) are [4]
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LHC DESIGN REPORT
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How about the LHC? How's its vacuum lifetime vs gas
density?

~5.1-10° mbar at 20 °C
t

The vacuum lifetime is dominated by the nuclear scattering of protons on the refidual gas. The cross
sections for such an interaction at 7 TeV vary with the gas species [5, 6] and are giver| in Tab. 12.1, together
with the gas density and pressure (at 5 K) compatible with the requested 100 hour |ifetime. This number
ensures that the contribution of beam-gas collisions to the decay of the beam intensity is small as compared
to other loss mechanisms; it alsn reduces the energy lost by scattered protons in the|cryomagnets to below
the nominal value of 30 mW m"' per beam.

Table 12.1: The nuclear scattering cross sections at 7 TeV for different gases|and the corresponding
densities and equivalent pressures for a 100 h lifetime

GAS

H,
He
CH,
H,0
CO
CO,

Nuclear scattering
cross section(cm?)
9.5107%

1.26 10
5.6610%
5.6510%
8.54 10°%
1.32107%

Gas density (m™)
for a 100 hour lifetime
9.810"
7.410"
1.610"
1.610"
1.110"
7 10"

Pressure (Pp) at 5K,
for a 100 holir lifetime

6.710°
5.110°
1.110°"
1.110%
7.5107
4910°
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Purpose: evaluate the bremsstrahlung generation along a straight section

pressure on beam axis (mbar)

1x108

: | — Pressure distribution

average | 75%9\ x3.31 | x247 from M.C. code Mo/flow

I / y \ Pressure distribution for
1x107 —j penning 1 — photon sampling in M.C.

- — code Beamlines

i x 2.86 \ *

I Al " o Pressure at gauge location
11010 | penning 3 from M.C. code Mo/flow

average pressure

_ 331 =1.34 xreading

- ﬁ & penning 1
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P. Berkwvens, P. Colomp & R. Kersewvan - Assessment of beamline shielding at the ESRF




How many methods exist to calculate vacuum quantities, like pressure profiles?

Analytical;

Semi-Analytical,;

Continuity Principle of Gas Flow (CPoGF);

Finite-Elements (FE);

Angular Coefficients (AC);

Direct Simulation Monte Carlo (DSMC), and Solutions of the BE;
Test-Particle Monte Carlo (TPMC);

Electric Network Analogy (ENA);

Multi-physics codes (e.g. COMSOL);

© ©®NOoO A 0DNBRE

* Which one to choose is a matter of choice and opportunity.

« During the years, many accelerator laboratories have developed their own
code, others have used commercial codes, others again have used some other
lab’s code (e.g. Molflow+);
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1. Analytical;

Historically, due to the lack of computing power at the dawn of vacuum science and
technology (beginning to middle of 20t century) analytical solutions are the first ones
which have been developed (e.g. Clausius, Knudsen, Smoluchowski, Clausing, Dushman,
etc...). This kind of solutions have been used until computers have become available to the
vacuum community, in the late 50’s~early 60’s, driven by nuclear and aerospace research;

The best review and literature reference of this kind of early analytical calculations is given
In:
“A review of the molecular flow conductance for systems of tubes and components and the measurement
of pumping speed”, W. Steckelmacher, Vacuum Volume 16, Issue 11, November 1966, Pages 561-584
In general, the equations governing the motion of diluted gases are obtained by solving the
Boltzmann equation (BE), i.e. a set of integro-differential equations which have
applicability for fluids in general (plasma physics, for instance);

The solution of the BE can be very demanding: in general, there is no solution in closed
form, unless some very simple and basic geometries and boundary conditions are met;

Historically the first solutions sought have been those for the calculation of transmission
probabilities and conductances;

For tubes of constant cross-section defined by a simple analytic formula (e.g. circle,
ellipse, rectangle, equilateral triangle) a solution to the collision-less BE can be found, also
called Clausing integral equation;

Alas, this kind of solutions generally involves complex integrals, like elliptic ones or defined
in terms of complex functions, not easily calculable unless numerical methods are
employed;

ew examples follow:
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1. Analytical;

Conductance of a circular tube:

The Flow of Highly Rarefied Gases through

Tubes of Arbitrary Length

P. Clausing

Naluurkundig Lobortorium, N. V. Philips' Gloedampenfabricken, Eindhoven, The Neiherlonds

(Received 26 November 1931)

Editor's Note: Translated from the German [Ann. Physsk (5) 12, 961 (1032)]. Since this classic

paper is reforred fo so frequently by workers fn vacuwm technalogy,
English iranslation. The translation was made available through the courlesy of Veer

who alse supporied its publication.

Contenis

(I} The expressions of Knudsen, v. Smoluchowski,
and Dushman for steady-state molecular flow; (II)
transformation of the equations to kinetic variables,
transmission probability; (III) derivation of the
Dushman formula; (IV) the problem of the short,
round cylindrical tube; (V) the problem of the long,
round cylindrical tube; (VI) the application of the
flow equation in high-vacuum engineering; summary.
I. The Expressi of Knudsen, v. Smoluct ki,
and Dushman for Steady-State Molecular Flow

Knudsen' has given the following expression for the
steady flow of a highly rarefied gas through a tube of
arbitrary cross section

]*82!5“ 1[ ) ()
_3@ o @ T

where J is the amount of gas flow per second, measured
by the volume it would occupy at unit pressure, d is
the density of the gas at unit pressure, § is the cross-
sectional area of tube, 5 is the circumference of the
cross section, and L is the length of the tube. #, and p.
are the pressures in the two volumes connected by
the tube, and we assume that the first is always to the
left of the second (the indices 1 and 2 in this article
refer exclusively to the two volumes).

For the derivation it is assumed that L 1s very large
in comparigon both to the transverse dimensions of the
cross section of the tube as well as to the mean free
path of the molecules, and further, that the molecules
leave the wall of the tube diffusely in accordance with
the cosine law.*

For a long circular eylindrical tube with radius »,

it has been decided fo publish an

Tustruments, Tnc.,

Eq. (1) gives
4{2x)i ¥ 1

J=—3—'I'E(PI_P2)- (2)
For an orifice in a very thin wall, Knudsen® found
T=8/(2x) - 1/d (pr—po), @)
which gives for a circular opening
T=(rf2)rdd (py—ps). (4)

M. v. Smoluchowski” has shown that Eq. (1) is not

correct and that it should be replaced with

o tA )
T e I @ e

where )
A= [ j " 10 cosddads, (5)

in which p represenis a chord of the cross section,
which forms an angle # with the normal at ds.® It is
probably accidental that Fq. (2) is correct; for the
circular cylinder the error of the Knudsen equation
is removed.

As stated, Eqs. (2) and (3) apply only for relatively
long tubes. When L =0 the result would be that
J == in hoth cases instead of changing to Eq. (3).

Dushman'® was the first to propose an expression
which applies also to short tubes and which, for
L =0, does not give J = «, hut rather Eq. (3). (For
practical reasons Dushman considered only circular
eylindrical tubes and round orifices.)

A second expression has been derived by the
author.?2.12 Although it gives the same results as the
Dushman formula for L/r=0and L/r = « [ Knudsen's
Eqgs. (2) and {4} ], the two equations deviate consider-
ably from each other in the intermediate region. In
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dance with the second auxiliary theorem they leave Sy
in accordance with the cosine law. Further, these are
the molecules going from the surface A to the surface
B+C, and in accordance with the fust auxiliary
theorem these molecules fall upon B+C evenly, that
is, they fall upon the two surfaces B and C in proper-
tion to the surface areas 2rRh and 2rRo. The fraction,

2rRh/ (2aRk+2aRe) =h/ (h+v), {31)
of the molecules proceeding upward through Sa thus
passes Sg, and Eq. {31) represents the probability
ae(v) Deing sought. A simple calculation from Fig. 1
gives

W (1) = (1728 [P —0 (1P +42%) L 4 2¢7) (32)
According to Eqgs. (28), (30}, and {27) this gives

1
w, (v)dr= { [E O LR -2y ’ dv, {33)
22 (74t
1 U!
W)= [ (4 - Zw} e
ir (4t
and
X 1 o 30
W (Bido= — {24 ———— — ’d::. {33)
4rl (P4t 4t

For 92> 2 the following series appliest®

12 12t 5 g2
wa= =) - (D) + () = o
4\y S\u 64\ v
.. (v}, and therefore also @, {¢), @ (@), and w.. () are
functions which rapidly become smaller with an
increase of 9.

Up to now we have only considered the case v>0.
For negative values of v the radicals of Eqs. (32)-{35)
must be given a negative sign. Negative probabilities
w,, and w,, will then indeed be encountered, bu
will always turn out that these are probabilities which
will have to be taken into account with the minus
sign [see Eqs. (58) and (60)].

We now imagine an x axis running along the tube
in such a way that x increases [rom zero to I from left
to right, and we ohserve a molecule that is at the
point x. The probability that the molecule will enter

the second volume without returning to the first we
we shall call the escape probability and designate it
w(x). It is then clear that the transmission probability
is determined by

L
= f W) wdr o), 37)
and w(x) by the integral equation
L
w)= [ w et w@ b L), G8)
[

ar [using Eys. (33) and (34)]
w(x) = ifr !2+ [E—.’x)’ _
drto Lis—zp+4]
- &}w(f}d[ﬁ— -I- H[rL—.r)*-} 4]k
[(e—x)*+4r] ™
(L—x)®
CL—x)+ar]s

+ 2L—x)f. (39)

From this integral equation two approximation
solutions can be specified :

(1} For r<L, it is easy to show by substitution that
for points of the tube at sufficient distance from the
openings, w(x)=x/L is a solution of Eq. (39). The
substitution of w(x)=x/L in Eq. (37), however,
does not give the correct result W= 8¢/3L, but only
W=4r/3L. Due to the rapid decrease of w, (x), the
integrand in Eq. (37) contributes to the value of the
integral mainly for small values of ¥ and in this case
w(x) =x/L is no solution.®®

(2) If /L is large (i.e., r/L21)

wle) =at[(1—2a)/L]-x, (40)

(e is a constant) is a good approximation to the
solution of Eq. (39) over the entire length of the tube.
1f Eq. (40) were the correct solution, the substitution
of Eq. (40} in Eq. (39) would produce an equation,
which upon solution for @ would give a value indepen-
dent of x. The actual substitution however gives

UL —)[ (L =) 4r] = (L= )) — fx a+4r) )

( r x) (r ra —x)
a=a| —, =a|—, = .
L L L L Lt —{2zx—L{{a*+4")  LiL—aP—{2(L—x)—L}{(L—x}+4r%}

(it

The remarkable thing about Eq. (41) is that, despite
its dependence on x, for large wvalues of r/L it is
practically independent of x, as Table I demonstrates,

In order to obtain @ definite result, an agreement
should be reached on the choice of a. For example,

[(L—x)244r74

one might choose & averaged over the entire tube,
or for every r/f take u=u(r/L,0). For short tubes
this selection is unimportant as is shown by Table I.
If, howcver, it is considered important that the
equation obtained by the substitution of Eqgs. (33),
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1. Analytical: From a circular tube to a simple particle accelerator, a pump connection.

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 = Qro7/S

—p

P(x) = QTOT(% + : ; Xj -

OO ‘ L I | | I 1 1 | L ‘I |— | 1 I I | I I 1 ‘

0.0 0.2 0.4 0.6 0.8 10
Qror E\\/N ‘9‘5 >
1§ L 1, Q
Paversce = EJ. P(x)dX = Qqor (2_ + g) = STﬁ

0 c EFF c: specific cond. (I-m/s); A: specific linear vacuum

L 1 chamber area (m?/m); q: specific outgassing rate

Puax = Qror -LIC Serr =(—+2)7 (mbar-I/s/cm?); S: installed pumping speed (I/s);

MAX TOT EFF 2 S o pumping sp ;
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1. Analytical: From a circular tube to a simple periodic particle accelerator:

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):

P EFFECTIVE PUMPING SPEED VS PUMP SEPARATION
Qlx) =—c= FOR DIFFERENT PUMPING SPEEDS
Q) _ oo e ]
dx ° |
SPECIFIC CONDUCTANCE
¢ — 102 € = 20 (I'm/s) | 102
d?p é S |
© a2 =M E B |
\‘; So=30Us 7
$ 0= = 10"
P w=1/2)=0 K -1 5
H=L/A= " | Sefs = (L/12C+1/8,) ]
P(x=0)=AqL/S i 7
100 L | | | I . \‘ | L L1 \l L | | | 100
* 107! 10° 10! 10°
L(m)

AqL .\ AgL
P(x) = —/—(Lx—x° )+ —
() Zc( )+ S

1% L 1
\ PAVERAGE = EI P(X)dX = Aql—(ﬁ + E) = Aq'—(l/ SEFF )
0

c: specific cond. (I-m/s); A: specific linear vacuum

chamber area (m?/m); q: specific outgassing rate Puax = AqL(i + l) Serr = (L + 1)—1
(mbar-l/slcm?); S: installed pumping speed (I/s); 8 S 12¢ S
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1. Analytical;

Conductance of other vacuum
components:

Free Molecule Transmission Probabilities
A5 Berman

Citation: Journal of Applied Physics 36, 3356 (1963); doi: 10.1063/1.1702984
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Free Molecule Transmission Probabilities*

AL B BERMAN

Flow Research Depariment, Technicad Diivision, (ak Ridge Gaseous Diffusion
Flant, Union Carbide Corporgteon, Niglegr Division, Oak Ridge, Tenwesiee
{Received 22 Febryary 1965)

PPROXIMATIONS to the solution of the Clausing integral
equation to calculate the free molecule flow in various
systems are well known and can be jound in standard texts on
kinetic theory and vacuum techniques. The approximatinns
usitally are presented as tables or as empirical equations fitted to
such tahles. Less well known is the use of a variational principle
for obtaining an upper bound to the transmission probability. Thiz
approach has been described in detail by DeMarcus.! DeMarcus®
also compared the results obtained for short capillaries by the
variational technique with those obtained by a “squeezing”
method which yields both upper and lower bounds to the trans-
mission probability. The variational results were found to agree
extremely well with those obtained by the “squeezing” method.
The variational technique has also been used by DeMarcus? to
compute the influence of specular reflection on the free maolecule
transport through capillaries.

The detailed description® of the variational method gives the
expressions for transmission probability in the form of unevaluated
definite integrals, and the results of compirtations are given only
in the form of numerical tables. In view of current wide-spread
interest in free molecule flows, the integrations indicated hy
DeMarcus have been evaluated to obtain eguations for the calcu-
lation of transmission probability.

Thiz note gives these equations for the fransmission prob-
ability for capillaries, flat plates, and dilute beds of spheres.
Futher, series expansions for short systems, and asvmptotic
expressions for long systems are presented for capillaries and
flat plates. An asymptotic nxpn:ssiun is given for dilute heds of
spheres.

All equations are given in terms of reduced length L defined
as follows:

Ifr for capillaries,
= {ifk for flat plates,
if2ry for beds of spheres,

where in each case [ is the length of the system, The capillary
radius is r, the plate spacing is &, and for the sphere bed, r; is the
hydraulic radius given by twice the ratio of void fraction to
gpecific surface.

Transmission probability is designated by ¢ and steady free
molecule transports can be computed from the equation

G=104843,

where 7 is the transport in pressure volume units per unit time,
Ap is the pressure differences across the system, 0 is the mean
thermal speed of the gas being transported, and 4 is the cross-
sectional area open to flow.

The results for the transmission probability  are conveniently
given as the difference of two terms to be called ¢y and (. Thus,
for each system the transmission probability is given by

0=0:—0:.
Cagpillaries:
Q=1 (L34~ (LA (L2441,
Ou= LE—L (L 4L —16T

T2L(LA+4)3—288 In[ L+ (L3+4)1]+-288 In 2
For small I,
(=1 (Lf2) 4 (L) — (SLE/48) 4 (L4/32)
= [13L5/2560) = (L4/3840) + -+,
For large L,

§ 2InL 91 32inL &

3L TIF 18I* 3 IF 3D

LAY

COMMUNICATIONS

‘The small L series, as given, is in error by about 0.04%; at L=1
and Icsa Lhan lﬂ_d‘;»(\ at L=0.3, The asymptotic equation is in
177, at L=20,

=301+ (1+L9-1],

0 HL-In[L+(EE D)4
TN VR W T T

For small L,
Q=1—(L/2) (L) — (L3/24) — (LY/16)+- - -.
For large £,
(96244 9:9in(2/s) ~ 8 /)7 }

+28x 4 2002 — Had — Tt
96 — 144+ 1282 GUx‘-r»ILx"
where £=(1/L). The series solution, as given, is in error by about

0.2%; at L=0.5 and less than 1077 at L=0.1. The asymptotic
m]ulmn Is in error by about 0.7% at L=1.5 and less than 10~

Qh«[

Dilute bed of sphares

Q=41+ (1-L)e >+ LE(L)],
_BL=dA BB+ A LA -1}
o 812 =2+ 2e (14 1)] ’

where
EiL)= f gL
L x

is the exponential integral for which tables are readily available.
For large L,

Q1920 14-L (204414417,
which is in error by about 0.6% at Le=1 and about 00047
L=3.

For sorme values of L, the use of the exact expressions for (0, and
(02 may require handling a large number of significant figures in the
computation of transmission probability. For these situations the
series and asymptotic results will be found very useful.

* This note is based on work performed at the Oak Ridge Gaemug
Difusion Plant operated by Union Carbide Corporatlon for the U

)\lu'nlc Energy Commizaion.
i n'?' . DeMarcus, Union Carbide Corporation Report K-1302, Part 3

"\’l’ C, DeMarcus and E. H. Hopper, J. Chem. Phys, 23, 1344 (1955)
PW, C, DeMarens, Adpancer in Agplied Mechonier, bunpk-m@nr 1.
“Barefied Gas Dynamics” {Academic Press Inc., New Vork, 1961), . 161,
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This note will precent the results of the upper bounds obtained

2. Sem|'analyt|cal; for various annuli by the variational technique of DeMarcus.2-3
Consider an annulus of length {, Inner radius r;, and outer
Conductance Of Other vacuum radius ro. Let L be the length to spacing ratio [I/(ry—r:) ] and
o . ¢ be the radius ratio (r;/ro). The transmission probability of
Components: Emp|r|Ca| equa’uon the annulus is designated by (), a dimensionless quantity from
which the free molecule low can be obtained by
G=310A8Ap.

Free Molecule Flow in an Annulus
G is the free molecule flow in pressure vclume units per unit
time, A is the cross-sectional area open to flow [#(rff—r® 7, &
is the mean thermal speed of the gas being transported
. . ) _ [ (8 T/xm)V?], k is Boltzmann’s constant, I' is the absolute
Citation: Journal of Applied Physics 40, 4991 (1969); doi- 10.1063/1.1657335 temperature, m is the molecular mass, and Ap is the pressure
View online: hitp://dx.doi.org/10.1063/1. 1657335 difference across the ends of the annulus.

View Table of Contents: hitp://aip scitation orgfoc/jap/40/12 Va;{;g'zflf:ﬁ }he transmission probability @ for some selected
Published by the American Institute of Physics These results have been checked in the limits e—0 and o¢—1
when one expects ( for the annulus to approach that for a capillary
and for the flow between flat plates respectively. The transmission
probabilities fer these two systems have been given in the previous
note,! and the annulus results were found to reduce to the capillary
and flat plate results in the limiting cases.

/ The Monte Carlo technique used by Davis® for calculating (/)\
requires relatively large amounts of computer time and this
disadvantage increases with increasing L. Consequently com-
parison with his results only extends up to an L of 20, the maxi-
mum L for which he published results. Table II indicates the
\exc-ellent agreement between the Monte Carlo results and the

Abraham 5. Berman

The equation and its range of validity is

0<L<L100 , = , : £ -
- _ For practical use, an empirical equation has been obtaine
Q={1+L{0.5—4 tan™(L/B) 7, which reproduces the variational results with a maximum error
0<0<09, of about 1.5%. This maximum error occurs for values of o close

where to unity.

A =(0.0741 ~0.0140—0.03742) / (1—0.918¢40.0500?)
B=(5.825—2.860 —1.4542) / (14-0.560 — 1.284?),
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2. Analytical approach: the IdaVac code (paper to be submitted as part of Ida
AiChinger,S PhD) Analytical methods for vacuum simulations in high energy accelerators for future

machines based on LHC performances

Ida Aichinger, Roberto Kersevan, Paolo Chiggiato
CERN, The European Organization for Nuclear Research, CH - 1211 Geneva, Switzerland
(Dated: May 2017)

We get the following equation for an isotropic medium
with a constant diffusion coefficient a:

on 9°n  *n  °n

—- =a + + ———
at { 83[:2 8y2 832 )? n1 Nk—1 Nk nNIN+1
IEdUCng Silﬂpl}’ to FIG. 1: Segmenting domain in N parts. Solution ny
9 describes density on segment k.
dn d“n (5)
—a
ot Ox?

if diffusion is one-dimensional. This assumption is appro-

In order to generate a correct mass balance, continuous
flow into and out of the system, e.g. in terms of desorp-
tion or pumping, at a rate q and s per unit volume, must
be added to the right side of equation (5)

2
Ml gt st n (D

CERN Accelerator School — Vacuum Technology - Computations for Vacuum Systems of Accelerators — R Kersevan




2. Analytical approach: the IdaVac code (paper to be submitted as part of Ida

. ,
AlChlnger S PhD) Analytical methods for vacuum simulations in high energy accelerators for future
machines based on LHC performances

Ida Aichinger, Roberto Kersevan, Paolo Chiggiato
CERN, The Furopean Organization for Nuclear Research, CH - 1211 Geneva, Switzerland
(Dated: May 2017)

n(Hy) ~ EJ™, n(CHy) ~ Ecﬂ'g4:

n(CO) ~ EXL. p(CO,) ~ B2 Photon-induced desorption (PID)

+ w4 0+ o +
Ta,*—n, 'len,+*—m, 7cor—H, Tlco,*-H,

4 .
H. . — TI'HZ-F —CH, ﬂCH4+—9—CH4 Moo+ —+CH, T“C102+—>C-H4 H. I 0 Z H I o n IO n-in d u Ced
ion = ion * lign * 11 = i, — Ui, .
TIH2+ — 0 T}CH4+—+CO Nlco+—co TECC}2+—>C‘-D —1 € deSOrpthn
J=
T, ~co, "len,*—co, "lco+—co, Nco,tco,

+ matrix terms for electron-induced desorption, thermal outgassing, and
eventually permeation and leaks;

The complete equation, with mass balance, is the following (with appropriate
boundary conditions):

dn 8°n . . : AV
= =anoc —x5 + Tph - th, + MNe-Ne + Hion - fionon + A-qin —ao o (11 - Xcr_vone) - pron (18)
~ > D i by electrons Ionization by beam thermal h -~ g linear pumpin
Time variation Diffusion ceorprion " and desorption by ions outgassing wall distributed pumping PRmpImE
of particles through DY photons SOTP ! ] =
surface Multigasmodel
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2. Analytical approach: the IdaVac code (paper to be submitted as part of Ida
AlChlnger,S PhD, fa” 2017) Analytical methods for vacuum simulations in high energy accelerators for future

machines based on LHC performances

Ida Aichinger, Roberto Kersevan, Paolo Chiggiato
CERN, The European Organization for Nuclear Research, CH - 1211 Geneva, Switzerland
(Dated: May 2017)

IdaVac finds a solution using a Python code optimized for matrix inversion and the
solution of a large system of differential equations; Ideal for long geometries (like
entire accelerators, the CMS example here below is > 500 m long);

Some benchmarking and sample calculations:

T T T ——H?2
L] g —CHA

[ TS I — — M 1 - § i i - ' i
z; o1 1 Iii 1 1 1 by | o = 1 1 1 1 1
le+12 - - ~ -
g 1e+id L P = e
— 1e+1l]f '_"E_‘
le+(s » co
ie & TD

Arc Q7 [+ Qs D2 Q4 recombination chamber 1 D1 rmecombination chamber 02 [s71 Qs 06 Q7 Are

RR R
W ki 58
{1equ ) sunssasg

Inner triplet Inner triplet

800 -600 -400 -200 0 200 400 600 800
Fig. 1: Simulation example of the Long Straight Section of the FCC-hh with an experiment in the middle. First plot presents a parameter variation of the total density in the case of (a) no beam, (b) with
SR and (c) with SR and EC. Second plot presents the density profile of the four gas species Hy, CH,, CO amd CO; in the presence of EC and SR.
Further description below in the FCC-hh textbox.

FIG. 3: Exampel 1: Conductance variation in
comparison with IdaVac(solid line) and
Molflow+(dashed line) for Geometry 1
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3. Continuity Principle of Gas Flow (CPoGF);

Slice you accelerator into small elements, and |
then apply:  ¢(R, ~R)+c.,(P; ~R)+Q =SP, ) G‘g

You can build your own solver routine using your favorite
language and computer.

You can use a routine like rkfixed from MathCad.
You can use a routine like NDSolve from Mathmatica.

We have solved small problems (N<10 sub-volumes) using
MathCad on a PC in less than one hour.

For larger problems, it is worth learning Mathmatica.

Example: N = 83 sub-volumes with tress separate
pumping phases, the computer processing time was 4.5 min
on a 266 MHz G3 PowerMac.

- With MathCad, the problem would have taken days due to
the overhead needed to MathCad more user friendly with
a cleaner output.

Ref.: “WVacuum Fundamentals”, L. Bertolini, USPAS 2004, College of William and Mary, VA, USA
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4. Finite Elements (commercial code) coupled

with TPMC ray-tracing;

(see also slide no.54 , same geometry, with time-dependent

Molflow+)

Vacuum 84 (2010) 274-276

Contents lists available at ScienceDirect
Vacuum

journal homepage: www.elsevier.com/locate/vacuum

VACUUM

Monte Carlo method implemented in a finite element code with application

to dynamic vacuum in particle accelerators

C. Garion*

European Organization for Nu.

C. Garion / Vacuum 84 (2010) 274-276

Vacuum 1

] 1e-009 E

Pressure [mbar]
le-004
1e-005 E
1e-006 F
le-007 E
1e-008 f

=] 18010

ble-6 Time [s]

CERN Accelerator School

Fig. 3. Pressure profile as a function of time in the accelerating structure.

le-2

2.2. Implementation in a Finite Element (FE) code and algorithm

A Finite Element code has been used for this application for
several reasons. Firstly, a complex geometry can be approximated
by a mesh. Then, FE codes have their own geometrical pre-
processor or have an interface with CAD softwares that allows
downloading a geometrical mesh [4]. In our case, the geometry has
been created and meshed with CATIA [5]. Then the mesh has been
transferred to CASTEM by using a “.dat” format. A procedure called
“FEUHV” for tracking particles in UHV conditions has been imple-
mented in the opened-user FE code CASTEM [4]. The surface and
volume have to be meshed with triangles and tetrahedrons,
respectively. It is required to simplify the analysis of the intersec-
tion of the linear trajectory of the particles with the surface. The
logic diagram of the routine is given in Fig. 1. Currently, a sticking
factor of 1 has been used for the pumping surface; and 0 otherwise.

The module that analyses an eventual intersection of the
trajectory and the surface is the most critical in terms of CPU time
consumption. To reduce the CPU time, the search for an intersection
with the boundary is limited to the elements that are close to the
considered particle. They are obtained by using procedures already
available in the FE code. In FEUHYV, different surface properties can
be implemented such as a pumping surface, thermal outgassing or
partlcle 1nduced desorptlon
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5. Angular Coefficients;

VACUUM
TECHNOLOGY

Third, Updated
and Enlarged
Edition

A.ROTH f

Former Deputy Director, and

Head of Department of Vacuum Technology,
Soreq Nuclear Research Centre,

Israel

2

ELSEVIER
AMSTERDAM « LAUSANNE * NEW YORK « OXFORD « SHANNON « TOKYO
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Angular Coefficients, also called view-factors (VF);
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5. Angular Coefficients, also called view-factors (VF);

“Standard” formulae, giving coefficients under which each element on a
surface sees all the others:

cos &, cos &

Ak ar,) = g 2dF, elementary flux
N CcOS @ cos .

=3 ——LAP +E', P;=# of molecules
= on i-th element

N D, = P; normalized to are
D=2 >— AD+E A of element i

— Jr . )
= E. = emitted density/flux
2] 23 . o
— €056, €05, AC matrix definition
1) 7Zf2 J

final form, matrix equations to solve :
s, = sticking coeff. vector I
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5. Angular Coefficients, also called view-factors (VF);

Solution methods: Iteration

- Gauss-Seidel (GS)
- Jacobi

- relaxation methods (for GS)

Gauss-Seidel ~ 2x faster than
Jacobi but difficult to parallelize

Convergence speed?

Calculation of the elements of
the AC matrix is O(N?) (N being
the number of surface elements )

100

Transmission probability (LfR

0.2

2.05F

50 100 150 200
lteration number
Causs=Seidal remmmer [acaki

Gauss-Seidel and Jacobi convergence
speed comparison, L/R=10 circular cross-section tube
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5. Angular Coefficients, also called view-factors (VF);

Next 4 slides: “Study, analysis, design and diagnostics of plasma and beam facing components of fusion”, E. Sartori, Univ. Padova IT,
seminar at CERN, April 2013; See also: Simulation of the gas density distribution in the large vacuum system of a fusion-relevant
particle accelerator at different scales - Vacuum 122 (2015) 275-285;

1. pressure distribution p at surfaces: solving p=M-! ¢
a. p, = I, (2zmkgT)"?

reemission cosine law scafttering operator
very low density: no collisions ( 4/L>0.5 )

. view factors Fi=F_, > geomeiry
¢net_i,j :(Fi _Fj)Fi,j

» o 0 O
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5.

Angular Coefficients, also called view-factors (VF);

1. pressure distribution p at surfaces: solving p=M-! ¢

2. energy accomodation at walls, a:

- different relation betweenp andI” (M 0 \P (¢
- temperature T varies in the domain {0 M \T) (4
(and M = M(T), M;=M(P))
Zifi (Zﬂm I(KgTour )uza)l

3. extend from surfaces to volume the solufion; n = S

CERN
\w CERN Accelerator School — Vacuum Technology - Computations for Vacuum Systems of Accelerators — R Kersevan
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5. Angular Coefficients, also called view-factors (VF);

— j See also: “AVOCADO: A numerical code to calculate gas pressure distribution”, Vacuum 90 (2013) 80-88

| - visuareepresenationof
2 Ean A VG X =

°
| pitd { L) . R e

—— g

i (BN LN | Pressure(Pa)
A AT - %

‘ AL i 0.09
0.08

:0.07

. 0.06
1 0.059

|

3
A

« Each tiny dot in the VF matrix corresponds to an element; when two elements do not “see”
each other, then the corresponding value is zero (white areas in the matrix); Note the
symmetry of the matrix: only ¥z of it needs to be evaluated;

« Memory management techniques plus optimized and fast matrix solvers are mandatory;
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5. Angular Coefficients, also called view-factors (VF);

N3 = NZ2-n, n<<N

99/ 4

1. ray fracing; hidden surface determination N3 complexity
2. CPU fime: optimization of algorithms and implementation

face reconstruction, enclosures, pointer to functions...

3. parallelization

best results with independent processes calculating “slices” of M

The precise calculation of the VFs requires a ray-tracing technique;
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5. Angular Coefficients, also called view-factors (VF);

. elements on each end cap facet, and 100x100 for the side facets of the tube, generating !
 a 156542 matrix (~ 245M elements). Corrections have been made for the elements '

g T e

S
T L L L
e
T T 1":\1“1_['!-“\\"‘"1:ﬂ

103

0,15 ---ee

h
ﬂ‘tﬂ“}l‘-ﬁﬁ {

Y
‘1,1'" Il

Ol F

Transmission probability (LR

0 50 100 150 200
lteration number
—Causs=5Seidel swenans cobi

2 > C.l. indicated above.

<

RN Accelerato ot E 10 0.1908990 = 7.70E-05 0.1909424 0.1909410 0.1909424




5. Angular Coefficients, also called view-factors (VF); Benchmarking;

File Edt Fac

Texture Scaling

0005 o001 0.015

Process status

Fn:wnl.| Top | 5

CERN
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6. DireCt SimU|ati0n |\/|0nte Carlo (DSMC), Ref.: “Direct simulation Monte Carlo (DSMC): A numerical method

for transition-regime flows—A review”, P.S. Prasanth, J. K.
.. Kakkassery, J. Indian Inst. Sci 2006, 86, 169-192
What is it?

 This method takes into account inter-molecular collisions, and is therefore useful

only in those cases when the study of “high-pressure” areas of an accelerator are
needed,;

Set up cell network and set initial particle state
Ny

Distribute particles into cells with their initial position and velocity
I

..-—--q/

Move individual particle and compute interactions with boundaries
N

Index particles into cells
N/

Select collision pairs and perform intermolecular collisions
v

Sample flow properties
N

Qutput results

No

N > Niteration

Fig. 1. DSMC flowchart.
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- . - . Ref.: “Modeling and calculations of rarefied gas flows — DSMC
6. Direct Simulation Monte Carlo (DSMC)’ vs kinetic equation”, F. Sharipov, 51t IUVSTA Workshop on Gas

Dynamics, Varmdo, Sweden, 9-12 July 2007;

I ?
* How does it work See also Felix’s web page: http://fisica.ufpr.br/sharipov/

DSMC, Main ideas

Intermolecular interactions are simulated.
Macroscopic quantities are calculated.

All steps are repeated many times in order to reduce the
< statistical noise.


http://fisica.ufpr.br/sharipov/

6. Direct Simulation Monte Carlo (DSMC);

« Some examples can be: high-pressure areas of proton sources (neutralization),
simulation of loss-of-vacuum accidents, neutralization of deuterium ions beams
in a neutral beam injectors (tokamaks, like e.g. ITER or JET). A notable recent
example is the rubidium plasma cell of the AWAKE experiment at CERN:

Fast valve, No orifice (iris)

tis depletion length?

N Fast valve: 10ms J

m— fulet) = [1 + erf( x@)]

50cm at 1-2ms

- 2(y-1)
50 t3-4 -
cm é ms ( ) (y+ 1\/; 'y+1 Zth)

= Kersevan R, 0 Theory (FM+C) + 1D DSMC Petrenko A,
Je—e Ihg_tps://r'ndico.cem.ch/euent/328455/con | https://indico.cern.ch/event/357090/contri
Lbution/14/mategalsides/Lpdf - ___ pution/2/materiafides/2.pf

Demiy

50cm at 2-3ms

50cm at 3ms

The Proton Driven Plasma Wakefield Acceleration Experiment (AWAKE) is anj
R&D project based at CERN. It is a proof-of-principle experiment investigating
silacman siilinfialdn Auiteandies anudtondinndh fa 1 1 a i)

I T T T T T 1
-10 5
R 15cm at 0.67ms
2D DSMC Petrenko ‘A, Shakhov EM, Non-stationary rarefied gas
https://indico.cern.ch/event/357090/ flow into vacuum from a circular pipe
contribution/2/material/slides/2.pdf closed at one end

3D DSMC Plyushchev G
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6. Direct Simulation Monte Carlo (DSMCQ);

The rubidium plasma cell of the AWAKE experiment at CERN (continued):

3D DSMC| 3D DSMC simulation Double Orifice

with Sou with Sou

it e

rce: results

3D DSMC simulation Double Orifice
with Source (constant density): results

Density profile

B 8x10%°m-
9x10%°m-3
/US Ul‘ 0. :5 E“IZ 0.25 G,ﬂ 0. é-S 0,‘5

7x102°m3 10x10%°m-3

ﬁonclusions: \

1. In this case (stationary case) the density near the source is higher that the density in
plasma cell.

2. Thus the injection tube (between Rb source and plasma cell) should be very short and
should have large diameter in order to have smaller density gradient difference.

3. The injection tube should be as close as possible to orifice

ults are very similar to the simulation with single
ce: leakrate: 0.52mg/sec
convergence: 0.5sec

\ %

02 03 04 0.5 08 o7 oe
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6. Direct solutions of the Boltzmann equation;

* Another way of tackling the problem is to find the solution of the Boltzmann
equation; There exist a number of methods to solve it, and a short review of some of
them can be found in the excellent series of articles on the journal Vacuum Vol. 109,
Pages 1-424 (November 2014), « Advances in Vacuum Gas Dynamics », Guest
Editors: Felix Sharipov and Oleg B. Malyshev;

« It must be said at this point that this kind of solutions are very rarely applied to
solving practical problems of real accelerators’ vacuum systems, or their actual
design;

« The DSMC and other methods which include molecular collisions are widely used in
the analysis and design of vacuum pumps, such as Gaede pumps,
turbomolecular pumps, high-pressure vacuum gauges (e.g. Pirani), and more...

CERN
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7. Test-Particle Monte Carlo (TPMC);

The TPMC method is similar to the DSMC, but avoids the cumbersome and
sometimes overwhelming complexity of defining density and velocity fields in
order to correctly calculate the collision integral in the Boltzmann equation,

Several vacuum scientists have developed their own code, but in the particle
accelerator community the Molflow+ code has become somewhat widespread,
and will therefore be used as a template for illustrating how the TPMC method
works, without loss of generality;

The most complete and recent reference for Molflow+ and the companion
synchrotron radiation ray-tracing code SYNRAD+ is this:

Ref. “Monte Carlo Simulations of Ultra High Vacuum and Synchrotron Radiation for Particle Accelerators”,
M. Ady, PhD thesis EPFL/CERN, May 2016, http://cds.cern.ch/record/2157666/files/CERN-THESIS-2016-047.pdf

Additional informations, tutorials given in the past, codes and files, and additional
documentation can be found here:

http://molflow.web.cern.ch/
Please visit our web site and give us your feedback.

See also: https://www.dropbox.com/sh/1vtOx6212x5p5tb/AAD9zFMZ7BUSkww62nUp9wQ-a?dl=0
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7. Test-Particle Monte Carlo (TPMC); Flowcharts;

* Ref. “Monte Carlo Simulations of Ultra High Vacuum and Synchrotron Radiation for Particle Accelerators”,
M. Ady, PhD thesis EPFL/CERN, May 2016, http://cds.cern.ch/record/2157666/files/CERN-THESIS-2016-

047.pdf;

+ “Monte Carlo method implemented in a finite-element code with application to dynamic vacuum in particle
accelerators”, C. Garion, Vacuum 82 (2010) 274-276; see also no.4, slide 18;
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Figure 1.11: Main steps of Molflow’s algorithm
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Evaluate the distance travelled ds;
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Define a new direction of the reflected particle 1?!

Fig. 1. Algorithm for the particle tracking.
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7. Test-Particle Monte Carlo (TPMC);

TPMC: Molflow+ Implementation

Ray-plane intersection:

- Use Cramer’s rule to find | coordinates.
- W=unv ispre-calculated once for each facet.

- Faster to solve I, and I, first (best elimination method than solving distance

|, first). —_— - -
| (O AV).I 0]
u — €LY,
W.r

I LI — S S
GTWHE""-I—I | (U/\Ofr)-r [Ol]
Ea v — = S
2

W.Ir

facet —_

- Jordan curve theorem is used afterwards to check if | falls inside the facet
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7. Test-Particle Monte Carlo (TPMC);
AABB Tree optimisation:

- Use of “Axis Aligned Bounding Box” tree structure to speed collision detection
- Box/ray intersection performed using the “slabs method”

Thear /
Toar Tar

TI'IEET

./ -

":Ira'g.r ":Ira'g.r

Tnear ::-ﬁar == no intersection Tnear ::-ﬁar == intersection

- Minimum of 8 facets per box and maximum tree depth of 5 (using “best axis”
method for AABB tree balancing)

- Result: more than 5 times faster for complex geometries
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7. Test-Particle Monte Carlo (TPMC);

Cosine distribution

0,, = arccos(v1l-X)
¢gen =27

— With X and Y uniformly distributed in [0,1]
/4_, « Mersenne Twister random number
¢
generator: period is (219937-1) ~ 106001

(24th Mersenne prime number)

Convergence: By applying the central limit theorem to the random variable
X; defined by X;=1 if the molecule hits the surface (at the i-th try), O otherwise
(X follows a Bernoulli distribution), we determine that...

S—Np
JNp(L- p)
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7. Test-Particle Monte Carlo (TPMC);

. approaches a standard normal distribution, where N is the number of
generated molecules which have a probability p to reach the surface and S the
number of successful hits (sum of Xi). The confidence interval of a random
variable following a standard normal distribution is given by:

S—Np
JNp(L- p)

<a)=erf (X

\@)

Pr(—a <

... and can be rewritten as:

Pr ( —a—\/p(l p <|O—— \/—\/p(l p))= erf([)

This shows that the convergence speed of S/N is proportional to 1/AN and
means that to_increase the accuracy by a factor 10 (to win_a decimal), the
calculation time has to be multiplied by 100. Useful approximation: From the

previous equations, by choosing P (the probability that p lies in the interval), we
obtain & =/ 2erf “(P) (see Table 1).
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7. Test-Particle Monte Carlo (TPMC);
If N is large enough (>10000), the previous eg. can be approximated by:
S 1 S S S 1 |[S S
Pr(—a—|—|1-— |<p<—+a—|—|1-—|)=P
Sy “mJN( Nj PN “mJN( N])

The associated confidence interval and quantile values are indicated in
Table 1

P a
68.3% 1
95.4% 2
99.7% 3

99.993% 4

CERN
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7. Test-Particle Monte Carlo (TPMC): Benchmarking;

Table 2 shows the transmission probability W of a
cylindrical tube calculated with the TPMC method
(sticking=0). The calculation of this table took
approximately 18 hours on a quad-core 2.4 GHz CPU
(total of ~10' hits). All calculations have been done
using 64-bit double-precision floating points. The values
of W are rounded to 7 digits (x5E-8).

Note: The differences between our results and those of [1-3] are due to the
statistical error but also to the fact that the ray-tracing algorithm which we have
implemented considers the tubes' cross-sections as polygons with 100
sides, rather than using an exact analytic expression for their circular cross-
section. For example, for the L/R=10 case (0.190899), the transmission
probabilities for 108 molecules for the cases with polygons with 50 and 25 sides
are 0.190807 and 0.190222, respectively. We made a more accurate test with a
tube with 1000 side facets, and we found after ~101° molecules:

W, rerg = 1,866,689,276 _ 1, 19004284s... (+1.5624E-5, 99.993% Cl)
9,776,167,553
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7. Test-Particle Monte Carlo (TPMC): Benchmarking;

\\/\}

0.0026505

+ 1.01E-05

0.0026476

0.0026461

L/R WioiFion Confidence W[1] w(2] W3]

(108 molecules per tube) Interval Mohan, Tompson, Cole (1977) Gémez-Goiii and
95% and Loyalka (2007) Lobo (2003)
1 0.6719460 + 9.20E-05 0.6719839 0.6719839 0.6719839
2 0.5141760 + 9.80E-05 0.5142305 0.5142305 0.5142305
3 0.4200210 + 9.67E-05 0.4200554 0.4200553 0.4200554
4 0.3565140 + 9.39E-05 0.3565727 0.3565722 0.3565727
5 0.3104550 + 9.07E-05 0.3105253 0.3105246 0.3105253
6 0.2754060 + 8.76E-05 0.2724388 0.2754382 0.2754388
7 0.2477170 + 8.46E-05 0.2477357 0.2477353 0.2477357
8 0.2252460 + 8.19E-05 0.2252631 0.2252628 0.2252631
9 0.2065980 + 7.94E-05 0.2066414 0.2066407 0.2066414
10 0.1908990 + 7.70E-05 0.1909424 0.1909410 0.1909424
20 0.1092860 + 6.12E-05 0.1093207 0.1093040 0.1093207
30 0.0769090 + 5.22E-05 0.0769378 0.0769120 0.0769378
40 0.0594415 + 4.63E-05 0.0594504 0.0594220 0.0594504
50 0.0484607 + 4.21E-05 0.0484765 0.0484480 0.0484764
60 0.0409377 + 3.88E-05 0.0409393 0.0409130 0.0409393
70 0.0354403 + 3.62E-05 0.0354394 0.0354150 0.0354394
80 0.0312529 + 3.41E-05 0.0312473 0.0312250 0.0312473
90 0.0279465 + 3.23E-05 0.0279452 0.0279250 0.0279452
100 0.0252784 + 3.08E-05 0.0252764 0.0252580 0.0252764
200 0.0129592 + 2.22E-05 0.0129448 -- 0.0129448
500 0.0052708 + 1.42E-05 0.0052630 -- 0.0052630

0.0026476

Table 2:

Transmission
probability  calculation
for cylindrical tubes
with different L/R and
Sticking=0
Compare with
and Lewin’s paper;

Smith

o

sticking coefficient)

Transmission prabability
(S
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CEI

//\

L/R W oifiows 95% C.I. W exact
(108 molecules per tube) (rounding 8 digits)
1 0.38191984 + 9.52E-05 0.38196601
2 0.17156285 + 7.39E-05 0.17157288
3 0.09167758 + 5.66E-05 0.09167309
4 0.05573967 + 4 50E-05 0.05572809
5 0.03709115 + 3.70E-05 0.03708798
6 0.02631460 + 3.14E-05 0.02633404
7 0.01960858 + 2.72E-05 0.01961539
8 0.01514748 + 2.39E-05 0.01515500
9 0.01204008 + 2.14E-05 0.01204994
10 0.00979321 + 1,93E-05 0.00980486
20 0.00248444 + 9.76E-06 0.00248758
30 0.00110761 + 6.52E-06 0.00110865
40 0.00062576 + 4 90E-06 0.00062422
50 0.00040022 + 3.92E-06 0.00039968
60 0.00027787 + 3.27E-06 0.00027762
70 0.00020439 + 2.80E-06 0.00020400
80 0.00015629 + 2.45E-06 0.00015620
90 0.00012341 + 2.18E-06 0.00012343
100 0.00010023 + 1,96E-06 0.00009998
200 0.00002477 + 9.76E-07 0.00002500
300 0.00001085 + 6.46E-07 0.00001111
400 0.00000558 + 4, 63E-07 0.00000625
500 0.00000374 + 3.79E-07 0.00000400
600 0.00000253 + 3.12E-07 0.00000278
700 0.00000180 + 2.63E-07 0.00000204
800 0.00000143 + 2.34E-07 0.00000156

1000

0.00000113
0 00000089

+ 2.08E-07

Vacuum q]echnolo

av -

0.00000123
0.00000100

7. Test-Particle Monte Carlo (TPMC):
Benchmarking;

Table 3: Comparison between TPMC
simulations and exact results for
tubes with a sticking of 1 (i.e. direct
inlet to outlet transmission only).

Note: after 108 molecules, 27 out of
28 (~96.4%) values in this table lay in
the 95% confidence interval. We
have used the expression

to calculate W

exact -

o

sticking coefficient)

Transmission probability
(S

0.01

omputations ‘or Vacuum Systems of



7. Test-Particle Monte Carlo (TPMC): Benchmarking;
* Apart PANDA experiment at GSI

Va|id<_51| Four-pane view of the Molflow+ standard screen. Each pane can show
soluti| independent views, in “orthographic” or “perspective” mode
highe

= MolFlow++ 2.0 [Panda-Vakuum_collapsed_1E-5_1E-4.txt] =& |
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Geometry: 127,518 facets, ~ 84,000 vertices
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Monte Carlo Calculation of Molecular Flow Rates through a Cylindrical
Elbow and Pipes of Other Shapes*

D. H. Dawvis
Lawrence Radiation Loboratory, Universily of Colifornia, Livermore, Californis
(Received February 23, 1960; and in final form March 4, 1960}

A method is devised for the calculation of molecular flow rates through pipes where the mean free path for
intermolecular collisions is large compared to the dimensions of the pipes, Results of the calculation are given
for a straight cylindrical pipe, a cylindrical elbow, the annulus between two concentric cylinders, a straight
cylindrical pipe with restricted openings, and a straight cylindrical pipe with restricted openings and a plate

t0 block the direct beam between the openings.

INTRODUCTION

HE problem® of this paper is the calculation of

molecular flow rates through isolated parts of
vacuum systems, for example, the calculation of flow
rates from a vacuum tank through a connector to a
pump. The problem is one of classical kinetic theory, gen-
eral analysis of which was developed by H. A. Lorentz®
and P. Clausing.® An excellent account of the historical
dv L.l 1.1 1o ol LT D T L 4

The purpose of this paper is 1o describe a method
calculating flow rates in complicated connectors in

which is not beset by the difficulties of

Arordsin gyt

N
pagl

OPENING 8

o
* OFENING A

A
A

Fi6. 1. Diagram of the cylindrical elbow.

VOLUME 31,

T T T T 1 T T T icated integrals in the usual ways. The
rated through the example of the
Lo — | Although only the calculation of the
is described in detail, the results for
0.9 A__’ N th:r‘ shapes are given. A calcu!a.tmn t_'or
, bl pipe was made for comparison with
Zj using.®
0.8 ,1 _g =4 lon of the problem consists in using
P lssumptions. These assumptions are
0.7 y t:_lﬂ _| |from the problem of flow through the
part which is independent of ﬁoy
0.6 F:PSp,FLOW RATE { MOLECULES system. The assumptions are:
PER SEGOND )
P:ISEE CURVES) 6 steady.
0.5 o St TRP.AREA OF OPENING -] [bution of the position and angle at
2 velp ELKT enter the pipe at an opening is inde-
K, .
04l o0 : PRESSURE piFFerence | PV I other parts of the system.
me :n:?: OF A MOLEGULE l:l.eg in the pipe move independently of
3 PRI TR ere are no intermolecular collisions in
0.3 Ry TrABSOLUTE —f
A TEMP
N \ —~{ |on (1) (steady flow) and the conserva-
, an equation can be written for the
0.1 =] [performed under the auspices of the U, 8.
prission. .
a8 introduced to the auther by Norman
o 1 } | 1 1 ] 1 1 rence Radiation Laboratory in a request to
0 1 Fl 3 a 5 3 7 8 in a cylindrical elbow connecting a large

B/R,L/R

Fic. 3. Molecular flow rate in a 90° cylindrical elbow calculated
by the Monte Carlo method, and in a straight cylindrical

calculated by Clausing.?

himp.
betures on Theoretical Phyvsics (Macmillan and

927), Val. 1, Chap. TIL.
- Physik 12, 404 Fl%ij, . 061,
metic Theory of Gases &cﬁraw- Hill Book

pipe | Vork, 1934), Chap. VII,

NUMBER 7 JULY, 1960

flow rate through a pipe with two openings:

Fim KiPiy— KP4, j=1,12, )
i

where F; is the net number of molecules per unit time
that flow through opening 4, K; is the number of maole-
cules that enter the pipe per unit time through opening
i, and Py.; is the probability that a molecule entering
opening i will leave by opening j. The extension of
Eg. (1) to a pipe with several openings is

N
Fi= ¥ [KPisy=K,Pps]
iz

@

g j=1,2,---, M,

From assumptions (2) and (3), the probabilities
Piu; are independent of the flow in the rest of the
system. These probabilities depend only on the dis-
tribution of the position and angle at which the male-
cules enter the pipe at an opening, and the mechanics of
a single molecule in the pipe. The effect on the flow rate
of such quantities as the pressure and temperature of
the gas is contained in the factors K;. The geometrical
dependence of the flow rate is contained in the factors
el

The purpese of this paper is to illustrate how lht)
factors Pess can be calculated and to give values for
several cases. Before this can be done, however, the
distributions of the position and angle at which the
molecules enter the pipe at the openings, and the
mechanics of molecules in the pipe need to be specified,
For their specification additional assumptions are
TECESSATY. )

1169

‘Lhe distribution of the position and angle is based on
the assumption that the openings are connected to large
containers in which the gas is Maxwellian. From this
assumption, the probability that a molecule enters an
clementary area of an opening is proportional to this
area; the probability that a molecule enters in an
elementary solid angle is proportional to the cosine of
the angle with respect to the normal to the surface
(cosine law).

The mechanics of the molecules in the pipe is based
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Fic. 4. Molecular flow rate in a cylindrical annulus,

M= MOLECULAR WEIGHT
02 K,* GAS CONSTANT -
T * ABSOLUTE TEMPERATURE

Q= — ]
o | 1 1 ] 1 | | 1
o | 2 3 4 5 6 T 8
L /R, L/R,
Fic. 5. Molecular flow rate in a cylindrical pipe F16. 6. Molecular flow rate in a cylindrical pipe with
with restricted openings. restricted openings and a central blocking plate.

Long tubes, elbows, baffles, restricted openings... these are the building blocks
necessary to properly design and build the vacuum system of accelerators and
their components, such as pumps, tapers, beam-screens, bellows, etc...
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Seminal papers:

The virtue of the Monte Carlo technique is that,
with relatively little effort, one may treat extremely
complicated situations. This technique has been de-
seribed in detail elsewhere®; here we briefly outline its
features. By Assumption (2), particles interact solely
with the tube walls, and, therefore, the history of a
particle as it bounces down the tube is an event which
is statistically independent of the histories of other
particles. Thus, one may generate numerically, one by
one, a large number of typical particle trajectories,
average these paths, and thereby obtain estimates for
the probability of various events. Since the trajectories
are random in nature, all decisions—such as the start-
ing coordinates in the entrance plane or the direction
of reflection, for example—are governed by probability
laws. For the actual computation with an electronic

¢ A particle which, in an actual situation, is first adsorbed and
then later re-emitted is considered here to have been reflected.
Time does not explicitly enter in the Monte Carlo technique,
since only the particle trajectories are of interest.

Free Molecular Conductance of a Cylindrical

Tube with Wall Sorption

Craig G. Smith and Gerhard Lewin

Pluosma Physies Laboralory, Princelon Universily, Princeton, New Jersey

{Reccived 26 October 1085)

A Monte Carlo method was uzsed to ealeulate the probability that a moleeuls passes through a
eylindrical tube with wall sorption. This probability is presented as a function of the ratio of
length to radius and the sticking coefficient g of the wall. For 5 = 0, the rezults confirm those of
Clausing for the conduectance of o tube of finite length, For a = 0, wall pumping can greatly
reduce the flow of gas, even for very small values of &, The backscattering, total flux retained by
the wall, and its distribution along the tube also are presented. Finally, the collimation of the

emerging beam is investigated,

The conductances, in the absence of wall sorption, of
tubes and a variety of other geometries have been
caleulated for the free molecular flow regime. Analytic
expressions for the simpler geometries were derived by
Clausing.! Integral equations have been derived and
solved numerically for the conductance of tapered tubes
and slots by Richley and Reynolds.” More complicated
gituations have been treated numerically by Davis’ and
Chubb® with a Monte Carlo technique, which con-
sists of tracing the random walk of many independent
particles and performing the appropriate averages.

Here we employ this technique to investigate the
case of a eylindrical tube of finite length with partially
adsorbing walls. The latter feature is characterized by
a parameter, the sticking coeflicient s, which is here
defined as the probability, per individual collision with
the wall, that a particle is permanently adsorbed by
the wall.* We determine the probability that a particle
either emerges at the exit aperture, is seattered back
through the entrance aperture, or sticks to the wall.
In addition, the axial distribution of adsorbed molecules
on the wall is ealenlated, as is the profile of the emerg-
ing beam. To obtain actual fluxes, one multiplies the
appropriate probability by the flux through the en-
trance aperture. The eonductance of the tube is the
flux through the tube per unit pressure difference across
it.

This information is desired for a number of problems.
If, for instance, it is required to pass a beam of charged
particles from a high to a low pressure chamber, then
the connection must be optically transparent, and
the usual condensation traps may not be employed.

1 P. Clausing, Ann, Physik 7, 981 (1932).

*E. A. Richley and }F W. Reynolds, NASA Tech. Note
D-2330 (1984).

3D, H. Davis, J. Appl. Phys. 31, 1169 (1960).

4J. N. Chubb, Culham Laboratory (unpublished).

& A particle which, in an actual situation, is first adsorbed and
then later re-emitted iz considered here to have been reflected.
Time does not explicitly enter in the Monte Carlo technigue,
gince only the particle trajectories are of interest.

Some pumping action can be obtained by a straight
tube with adsorbing walls, and this was the motivation
for the present investigation. The results also will be
of interest to those concerned with measuring the
pumping speed of eryogenic surfaces or other pumps
located at the end of a tube and perpendicular to
the axis,® and to those who must appraise the col-
Lim g ibemm—: fiio— e ————
The following assumptions have been made in tr
ing thiz problem:

(1) The flow is steady; transient phenomena are
excluded.

(2} Free molecular conditions prevail; there are no
eollisions between particles.

(3) The particles enter the tube by molecular effusion
from a large chamber. The consequences of this as-
sumption are that the input flux is given by

F = LNid, oy

where & and v are the mean density and molecular
speed of the particles in the chamber, respectively, and
A is the area of the entrance aperture. And a second
consequence is that the particles enter with a veloeity
directed according to the eosine law

pdw=7"cos 8 do = =" cos 6sin 6 df dg, (2

where pdw is the probability that a particle enters
within the elementary solid angle dw about 9 and &,
the polar and azimuthal angles with respect to the
normal to the entrance plane,

(4) For each individual collision of a particle with
the tube wall, the probability that the particle is
adsorbed by the wall is given by s, and (1 — &) is
the probability that the particle leaves the wall.

(5) Reflection is diffuse, according to the cosine law,
Eq. (2), where the angles are now, with respect to the
normal to the tube wall, at the point of impaet. Th

i

Q
VT, S —

V. W. Stickney and B. B. Dayton, Trans. Nat!,
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7. Test-Particle Monte Carlo;

Seminal papers: LEP pressure
profile;

Fig1- CROSS - SECTION OF THE DIPOLE VACUUM CHAMBER
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*present address:

Radio Electronics Dept.,
Sichuan University
Chengdu, China.
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7. Test-Particle Monte Carlo; A more recent paper, with time-dependent TPMC
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7. Test-Particle Monte Carlo; Another recent paper, with time-dependent TPMC,;

Propagation of the pressure wave following an RF breakdown in a cell of the CLIC
linear accelerator (see slide 21);

t= 1e-006 =

Screencast-O-Matic.com

Ady’s PhD thesis, cited above;
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7. Test Particle Monte Carlo; Another recent paper, with time-dependent TPMC (Molflow+);

Propagation of the pressure wave following an air-inrush (breaking a thin aluminum
foil or using precision laser-drilled micro-orifices); 4x 7m-long 80 mm ID tubes, with
intermediate bellows and pumping stations (pumps off);

Fast Cold-Cathode
Gauges (with VAT
modules)

Screencast-O-Matic.com

Ref.: M. Ady’s PhD thesis, cited above,;
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7. Test-Particle Monte Carlo; Another recent paper, with time-dependent TPMC,;

1E-01

The comparison between
the arrival times of the
pressure waves at the 4
gauges and the time-
dependent simulation is
rather accurate as long
as the flow is in
molecular regime;

1E-02

1E-03

Pressure [mbar]

1E-04

Solid lines:
measurements;
Dots: Molflow+ .
simulation;

1E-06 . N
05 10 15 20 25 30 35 40 45 50

Time [s]

+  F#l49Pressure@mbar] - FH#IBZPressure@mbar] - FHE562 Pressure@mbar] FH87 FressureFmbar]

e 149 mizasured —f182 measured —f562 measured 87 measured

Ref.: M. Ady’s PhD thesis, cited above; For more examples see also “Gas Dynamics Modelling Efforts at
CERN”, R. Kersevan, invited talk Am. Vac. Soc. AVS-61 Conference, Baltimore USA, 2014)
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7. Test-Particle Monte Carlo;

Conductance of other vacuum
components:

SYMMETRIC ¢ $
b
7 T2 ¢ _r‘
BUTTRESWM
Fi6. 1. Crosssections
CONCLUSIONS

Although the relationship between the structure of
surface and the molecular flow conductance as given
in this paper is qualitative, the reduction of conductance
by surface roughness is clear. Except for the very
smoothest surface, surface roughness reduces the con-
ductance below the conductance calculated with the
assumption of diffuse reflection from smooth walls.
The increase in conductance for the smooth glass
surface can, perhaps, be explained by specular reflection.

The corrugated walls introduce a gross surface struc-
ture which reduces the conductance by as much as
209. The measurements and calculations for these
cases show that when the gross surface structure is
taken into account the conductance is predictable by
assuming diffuse reflection from surface elements. The
smaller scale surface structure is apparently not so
important.

For most applications using engineering surfaces, the
reduction in conduction of a few percent is unimportant.
However, with careful measurement the effect is easilv

JOURNAL OF APPLIED PHYSICS VOLUME 35, NO., 3 (TWO PARTS —PART 1) MARCH 1964

Effect of ‘“Rougher-than-Rough” Surfaces on” Molecular
Flow through Short Ducts*

Doxarp H. Davis, LeoNarn L. LevENsoN, anp NorMaw Mirreront
Lawrence Radiation Laboratory, University of California, Livermore, California 94551
{Received 26 August 1963)

Gaede reported lower molecular flow rates through some tubes than expected if he assumed the walls
were 10097 diffuse reflecting. He conjectured that back reflection from surface asperities might be responsi-
ble. We support Gaede’s intuitive guess, having measured flow rates and applied the Monte Carlo calcula-
tional method to geometrical models. Our results show that: (1) surface finishes from 4 to 64 & in, (0.013
to 1.6 ) roughness yield flow rates from 5% above to 69 below the diffuse wall prediction; (2) specular
reflection can account for the 59 higher value; (3) for cylinders with internal corrugations, fins and threads
of groove depth from 0.1 to 159 of the minimum tube radius and included angle between 30° and 60°, con-
ductance is from 15 to 209, lower than cenductance assuming diffuse reflection from smooth walls. Experi-

ment and calculation agree within =£4%,

INTRODUCTION

HE theory used in the calculation of steady-state
flow of rarefied gas through short ducts rests on
several assumptions. One of these is that the path
taken by a molecule after each encounter at the wall
is predicted by applying the cosine law. There are two
forms of the cosine law, the diffuse reflection law, in
which the reflection direction is independent of the
incident direction, and the specular reflection law, in
which the angle of reflection is equal to the angle of
incidence. For engineering surfaces the diffuse reflec-
tion law is much more appropriate. Further comments
on these assumptions can be found in the work of
Clausing,! Lorentz,* Loeb,’ and Davis.! The cosine law
assumption is consistent with the necessary condition
that conductance through a duct be independent of
the direction of flow. (If conductance were not inde-
pendent of flow direction, the second law of thermo-
1 r Vil +od )

There seems to be nothing wrong with the assump-
tion of diffuse reflection from wall elements; however,
measurements of conductance are found to be, in many

observable. We propose that the effect of ‘‘rougher
than rough” surfaces on molecular flow be called the
Gaede effect.

* Work performed under the auspices of the U, 5. Atomic

Energy Commission.
Present address: Centre de’Etudes Nucleaires de Saclay, Boite

Postale No. 2, Gif-sur-¥vette (Seine-et-Oise) France.

1 P, Clausing, Ann. Phys. 12, 404, 961 (1932).

*H. A. Lorentz, Lectures on Theorelical Physics (Macmillan
and Company Ltd., London, 1927), Vol. 1, Chap. III.

#L. B. Loeb, Kinetic Theory of Gases (McGraw-Hill Book
Company, Inc., New York, 1934), Chap. VII.

4D, H. Davis, J. Appl. Phys. 31, 1169 (1960).

cases, lower than the calculated conductance. One of )
the earliest experimenters to comment on this was
Gaede.? Gaede suggesied that the lower than expected
conductance he observed was due to wall asperities. J
He visualized that this gross wall roughness reflected
more molecules back to the entrance of the duct than
would a wall which was rough on a molecular scale—
thus explaining the reduced conductance. De Marcus®
theoretically investigated one example of this geometri-
cal effect. De Marcus calculated the conductance of a
semi-infinite channel in which the wall has a corrugated
or roof-top structure. He found, for example, that the
conductance for a channel with a length-to-height ratio
of 0.3 and 45° pyramidal corrugations was 96.99, of
the conductance of the same channel with smooth but
diffuse reflecting walls.

One purpose of this paper is to investigate further
the validity of using the assumption of diffuse reflection
from surface elements in calculations of conductance
rough ducts. Agreement between theory and experi-
ment is checked by conductance measurements on
cylindrical ducts with corrugated surfaces. Another
purpose is to measure the conductance of ducts with
engineering surface finishes. The corrugated wall ducts
are used because they are amenable to calculation.
They also provide an extreme in the reduction of con-
ductance due to surface roughness,

* W. Gaede, Ann. Physik 41, 289 (1913).
¢ W. C. De Marcus, K-1435, AEC Research and Development
Report, Oak Ridge, Tennessee (1959).
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7.

Test-Particle Monte Carlo vs AC; Benchmarking against each other, same geometry,

Transmission probability W of coaxial tubes [Ref.]:

|
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Right: Square-grid meshing of the. |
- coaxial tubes shown on the left, with ; !

' L/(R1-R2)=25, R2/R1=0.4. N
Ref.: A. S. Berman, “Free molecular flow in an :
annulus,” J.Appl.Phys. 40, 4991-4992 (1969). :
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Result of the calculations: TPMC gives 0.0979 and AC gives 0.1006.
Ref. gives a value of 0.09845 for the same geometry).
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8. Electric Network Analogy (ENA);

« Based on analogy between P=Q/S and V=IR; analogy between vacuum-related and
electrical circuit-related physical quantities;

» Use solver of Kirchhoff networks after assigning proper values to “resistors”
(reciprocal of conductance), “current generators” (gas flow), and “losses to ground”
(pumping speeds), to finally find the “potential” (pressure);

Table 1.1: Electrical circuit analogy of vacuum systems
Vacuum concept Electrical analogue
C (conductance) Y=1/R (admittance)
P (pressure) U (potential)
dP (pressure difference) U (voltage)
Q (gas flow) I (current)
V (volume) C (capacity)
Pump (with finite pumping speed) Ground (through resistance)
Gas source Current generator

Inieih’nn line

| Gas_load
-
R_orifice R_tube1 R_tube2

R_pum,
it Volume_tube

Figure 1.4: Fig: simple vacuum system and its electrical network analogue. Source: [11]

Ref.. M. Ady’s PhD thesis, document cited;
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8. Electric Network Analogy (ENA); Code used at CERN: LTSpice;

It is widely used at CERN for everyday’s problems, also because it allows to define
pressure-dependent pumping speeds and simulate time-dependent pump-downs,
which would be impractical to simulate with TPMC or AC,;

The pre-requisite is, though, to pre-calculate either analytically or via TPMC or AC the
conductances and effective pumping speeds of the pumps;

An example: an electrostatic septum for the SPS (source: A. Kukulova, C. Pasquino, CERN)

TRANSMISSION PROBABILITY

IN ACTUAL CONFIGURATION

1E-1 | — 4

ENA !‘
POSSIBILITIES HOW = K ' '

Pressure [mbar]

TO INCLUDE A Steady state
PUMPING SECTION N
0 2,000 4,000 6,000 8,000 10,000 Tacross — 0-299
Time Tsip, = 0.028
1 2 3 4 5 Tacross = 0.303

Tgrp, = 0.011

u " A
@ i @ Y Y wherei = 1.2
o TP i -1 - & e
e 0.00025 0.00028 % T 5 ° 1 I 5




Synchrotron radiation, e-cloud, and all the rest;

Cw
\

N/

Synchrotron radiation, and e-cloud, and other physical effects (impedance
instabilities leading to heating and thermal desorption, or ion-induced
desorption in large ion storage rings (e.g. GSI) also require sophisticated
and dedicated computational tools;

For lack of time and space, we simply cite SYNRAD+, the ray-tracing
montecarlo code companion of Molflow+, which can be used “in series” in
order to simulate the vacuum environment of SR light sources;

The most complete reference is, again, M. Ady’s PhD thesis and
bibliography therein;

Here we use Jason Carter’s presentation at the 80" IUVSTA workshop in
Taiwan, to show the schematics of how SYNRAD+ and Molflow+, used in
sequence, can really help design and analyse the vacuum system of any
machine were SR is generated,;

This is a very compelling case, since most existing SR light sources are
under refurbishing phase or new construction (e.g. ESRF and APS upgrades
for the former, and MAX-IV for the latter), but also for hadron machines like
the LHC and the future high-energy colliders after it, like the FCC-h;
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« Synchrotron radiation, e-cloud, and all the rest;

Ref. J. Carter, “APS-Upgrade vacuum system design using SynRad/MolFlow+ with photon scattering”, 80t [IUVSTA
Workshop, Taiwan; J. Carter et al., “Benchmarking and calibration of monte carlo vacuum simulations with SYNRAD and

Molflow+, proc. IPAC-16

Use SynRad+ and MolFlow+, sequentially

e Vacuum system analysis freeware created by
Roberto Kersevan and Marton Ady of CERN
vacuum group;

e MolFlow+

e SynRad+

e Coupled simulations

3D Monte Carlo simulations to calculate
pressures in the molecular flow regime (HV, UHV)

3D Monte Carlo simulations of synchrotron
radiation distribution

Predict dynamic photon stimulated desorption
gas loads and pressures

Address design requirements for pressures,
lifetimes, and conditioning times

SynRad for Windows user interface

CERN Accelerator School — Vacuum Technology - Computations for Vacuum Systems of Accelerators — R Kersevan




« Synchrotron radiation: SYNRAD+;

AS%hematic of photon stimulated desorption measurement
perture

Note on PSD measurementsL

Photon source

Collimated
photon source

-
o
-

-
e
N

i
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Yield ny {molecules photon-1)
o
A

-
<
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10 v
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Accumulated Photons (m-1)

PSD measurement results plot yields

(molecules/photon) vs photon accumulation Experiments recreated in SynRad+
(photons/meter) and imported into MolFlow+ to determine
Ref.: “Photon stimulated desorption measurement of an extruded equivalent mapping of SynRad fluxes

aluminum beam chamber for the Advanced Photon Source”,
JVST A 14, 1273 (1996); doi: http://dx.doi.org/10.1116/1.579940

(pho/cm?2) to MolFlow outgassing (mbar*L/s)
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» Synchrotron radiation; .
Modeling the APS-U vacuum system

* 3D model built representing interior of vacuum system
e Captures chamber apertures and conductances
* Pumping ports simplified for now

N

2 e
T e e —

L | ' T
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.
1

Q .

-
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- - :'Es.'_
. i ew *  CAD assembly of vacuum
5&4& system design
£ ~ e
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e

i

Reverse engineered CAD part
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« Synchrotron radiation;

SynRad model of APS-U sector

* Bending magnet elements
generate photon flux in model

e Symmetric boundary condition
passes downstream photons
back to upstream

Flux density rate (pho/cmz/s%) - log scale

* Heat load ray trace verified to 100e13 100=15 100817 100813
high accuracy 4 |

* Mesh applied to all vacuum
surfaces

 Material reflection tables
referenced to determine surface
scattering

SynRad simulation of synchrotron radiation
flux distributions with photon scattering
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« Synchrotron radiation;

MolFlow+ model of APS-U sector

* Define pumping
*  Pumping elements include NEG
coating, NEG strips, lon pumps
* Unique pumping speeds for various
gases
* Estimate conductance reductions for
simplified pumping ports
* Define outgassing
*  Group surfaces by material: aluminum,
OFHC, NEG coated surfaces
* Import PSD vyields at a conditioning
time point of interest

* Measure pressures along beam path

Pumping surfaces highlighted in red
including NEG coatings, ion pump ports, and NEG
strip antechambers
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Conclusions:
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Far from being an exhaustive document on all possible ways to calculate
vacuum quantities and pressure profiles for accelerators, for lack of time and
space, we have tried to show how some codes and algorithms work;
It has been shown that there is a large number of computational tools which
allow the vacuum scientist/engineer to analyse and design the vacuum system
of new accelerators, or troubleshoot existing ones;
The choice of the appropriate method and code depends on the type of
accelerator, the level of complexity to which the system has to be modelled and
simulated, and other factors, including personal habits like previous knowledge
of some code (e.g. ANSYS for FE calculations, LTSpice for electric networks,
etc...);
The interpretation of the results of simulations must take into account the
physical basis implemented in the code of choice, and should preferably be
benchmarked with another code in case of doubt;
Modern codes and methods allow a deep inspection of the physics behind the
creation of vacuum conditions: | urge every serious student of vacuum science
and technology to take the initiative and try to write his/her own code, even a
simple one based on some commercial software (e.g. MathCAD), because it is
only in doing that that a good understanding of how the vacuum system of an
accelerator works and should be designed, avoiding mistakes, and optimizing
the available resources (including financial) of the project;

Good luck to all of you! ©
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