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Typical Vacuum System Design Flow

Process Requirements and Specifications
(beam current, cathode lifetime, spatial boundary, etc.) |

Vacuum Requirements
(base pressure, dynamic pressure limit, p. pressure limit, system up-time, etfc.)

Mechanical Design
(material selections, vacuum envelope, pumping system, etc.)

Design Validations
(mech. & thermal stress analysis, pressure calculations,
Prototype and tests, etfc.)

| Value Engineering and Design Optimization
| (cost reduction, vendor selections, etc.)
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Accelerator Vacuum Design Considerations

O Particle beam parameters
> Type of particles: e, e*, p*, ions, etc.
- Beam intensity (average and peak)
-~ Beam temporal and spatial properties, etc.
2

’

o

Magnets - Mainly spatial constraints

L

Accelerating RF cavities

- Particulate control - ultra-clean vacuum systems

- 'Free' cryo-pumping for SRFs, but handling of warm-ups
- Cryo related issues (insolation vacuum, etc.)

[ Key functional accelerator components
- SR generation insertion devices - in-vacuum and/or ex-vacuum

- Particle sources - electron and positron, protons, ions, etc.
- Beam instrumentations - BPMs, BSMs, BCMs, Collimators, etc.
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Vacuum Pressure Considerations I

1.

S
Y1

Base pressure

2 For e /e* storage rings, base pressure usually an order of magnitude below beam induced
dynamic pressure, typically in the low 10-° torr range

= For high intensity proton and heavy ion machines, there are more demanding requirements
on the base pressure, as beam-gas interaction is much more sensitive

= For some special devices, such as photo-cathode electron sources, XHV environment is
essential for the cathode lifetime

Dynamic pressure

> For e /e* storage rings, the dominating dynamic pressure rise is due to photon-induced
desorption from intense SR. The maximum pressure must be controlled to a level such
that the beam-loss from beam-gas interaction is below the other factors.

= For p* and ion machines, SR usually negligible. The dynamic pressure rise is primarily due
to lost particles. Though beam loss is small, proton/ion induced desorption is much higher
than PSD.

= Other collective effects (such as electron cloud, HOM heating, etc.) may also induce
(usually nonlinear) pressure rises.
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High Vacuum Systems I

4
4

High vacuum system is dynamic pressure in range of 10-¢ to 10 torr

Examples of accelerator high vacuum systems:

- Low beam intensity LINACs

> Low beam intensity energy booster rings for storage rings
- Insolation vacuum for cryo-modules

For these systems, often discrete pumps are sufficient. Typical pumps used
are ion pumps, diffusion pumps, cryo-pumps and turbo-molecular pumps.

For cryo-module insolation vacuum, though with 'build-in" cryo-pumping from
cryogenic surfaces, sufficient contingency pumping system must always
included to deal with possible internal helium leaks.

Material selection for high vacuum systems is usually dictated by cost and
easiness of fabrications. Though cleanness is not as critical, a clean system
will reduce cost of pumping system.
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Ultra-High Vacuum Systems 1545
d UHV system is dynamic pressure in range below 10~ torr

d Examples of accelerator UHV systems:
2 Electron storage rings for light sources and colliders
- High intensity proton and ion machines
= High intensity LINACs

[ For these systems, often distributed pumps are needed with gas conductance limited
beam chambers, and distributed dynamic gas load. Only UHV-compatible pumps

should be used, including ion pumps, NEGs and TiSPs.

d Only UHV compatible metals should be used for these systems. Stringent cleaning
and UHV-compatible handling is paramount. Only all-metal joints are permitted.

O UHV ion gauges must be included in the UHV system. RGAs are strongly
recommended for vacuum diagnostics.

d UHV system roughing and venting needs significant cares.
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Beam Chamber Materials — Electric and Thermal !_;‘Hﬁ

d

d

For high beam intensity accelerators, beam pipe material with high
electric conductivity must be used for carrying image wall current.

For beam chambers not subject to direct power deposition from
synchrotron radiation or particle bombardment, stainless steel with
copper coating/plating/lining is an option. The thickness of the copper
coating only need to be a few factors of skin-depth at fundamental beam
RF frequency.

For beam chambers intercept SR power, or intense particle impingement,
material with good bulk electric and thermal conductivities must be used.
Aluminum alloys, copper or copper alloys are usually used.
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d

d

Chamber Design — Mechanical Consideration !_h"[ﬁ

In many beam chamber designs, there are often competing requirements to provide adequate
beam aperture, while to bring magnet poles close to particle beam.

These requirements may lead to minimizing chamber wall thickness and complex chamber
shapes. Thorough mechanical analysis of chamber stress under atmospheric pressure must
be carried out. Commercial finite-element analysis (FEA) tools, such as ANSYS, are used to
validate a design.

Section with Max.
Deformation & Stress

O hax = 532 MPa
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Mechanical Consideration Cont. I

FEA results are not always the final word, if the material property inputs are incorrect (or not
available). A copper beam chamber deformed severely during a 150°C bakeout, though FEA

results predicted a 'healthy’ safety margin at the temperaturel!

b
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Synchrotron Radiation in e /e’ Storage Rings IS

O For high beam current electron storage rings, SR power deposited on vacuum
walls must be calculated

1 The calculated SR power distribution will be used to evaluate vacuum chamber

design, to ensure

(1) adequate cooling is provided to keep heating and thermal stress below a safe level,

(2) no part of wall is subject to higher SR power that cannot handle by the wall materials;

(3) proper ‘masks’ are in place to shadow components that may be damaged or affected by SR.

O For simple wall profiles, one can use the following formula for linear power
density. The area power density can be calculated with a vertical SR angular
spread of «, = 1/y, where y=E,,,./E. .ot

E*(GeV) Aa
R(m) 2nx
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Synchrotron Radiation Calculations — SYNRAD I

d For more complex accelerator vacuum wall profile and SR-generating magnet

arrangement, computing program is usually employed for SR calculations (often
referred as Ray-tracing).

O In CESR, a program, SYNRAD, integrated into Bmad (A Relativistic Charged
Particle Simulation Library ¥), is widely used for SR calculations.

0 In SYNRAD, accelerator is divided into element along the curvilinear coordinates:

= Photons are generated along the length of any element where SR are produced, using
standard SR formulas for dipoles, quadrupoles and wigglers.

= The generated photons are tracked to the vacuum chamber wall, horizontally, both
inside and outside walls, also divided into elements.

= SR power and photon flux along the walls are calculated.

F: D. Sagan (dcs16@cornell.edu), SYNRAD Information (http://www.lepp.cornell.edu/~dcs16/)
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Cornell SYNRAD Input files

&synrad_params

sr_paramjlat_file
sr_paramji_beam =
sr_paramjepsilon_
sr_param/n_slice

seg len = 0.1

beam_direction =

0.1
F:
= 20

0

wall_file = "wall.dat"
0.045

wall_offset =

forward_beam
backward_beam

"lat .bmad"

10e-12

"POSITRON"
"ELECTRON"

Input lattice. M ﬂ I] ﬁ
Single-beam current. @ n wpm]
Vertical emittance.
# of slices per element or wiggler period
Segment length for calculation.
-1 = track backwards only,
0 = track both directicons, 1 = forward.
"NONE" => Use a wall with a fixed offset from the bear

Used when wall_file is set to "NONE"
"POSITRON" or "ELECTRON"
This is important if there are elsep elements.

Wall Deiinitien

® \ertex Point
= Segment

Outside Wall

! Note: x_inside should be negative. .

! Note: First s_position should be 0.

1

!s_position
0
10
10.3

¥_1inside
-0.025
-0.025
-0.025

. etc ...

X_outside

0.025
0.025
0.037

Inside Wall
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Cornell SYNRAD Generated Five Output files

» element_power.dat

List of all elements where radiation is produced showing the power radiated and the

walls. These two numbers should be the same.
» synch_power_negative X_side.dat &
synch_power_positive_x_side.dat

jsQ

)

power that hit the

Lattice: cerl/trunk/model/1at.bmad

| synch_power_Outside.dat -

I_beam = 0.100000001490116 U amps/beam
. : : = 2 B ,_ . .
L|St Of a” Wa” Segments ShOW|ng SUCh Epsilon_y 2.999999901276418E-011 vertical emittance
: : Segment
as power deposited, power per unit length, Ix Name s.seq x.seg  P/len p/Area  P_tot  Phot/sec
. - (m) (m) (it /m) (kw/ma2) (w) (1/s)
photons per second impinging, etc. 1 OUTSIDE 0.100 0.030  0.00E+00 0.0000E+00 0.0000E+00 0.0000E+00
. i 2 OUTSIDE 0.200 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
3 OUTSIDE 0.300 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
> Synrad_negaUVe_X_Slde-tXt 4 OUTSIDE 0.400 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
- - C mlmoTnr [ Ty} A N2n (A A VA T ATl (A T AT AT oAt L A VAT ATl g Tt A Mmunnr s nin
& synrad_positive_x_side.txt
— — — 4124 OUTSIDE  412.386 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
imi in di 4125 OUTSIDE  412.486 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
Similar to above, only in different format 4126 OUTSIDE  412.586 0.030  0.94E+02 0.2907E+04 0.941BE+01 0.1116E+18
4127 QUTSIDE  412.686 0.030  0.13E+03 0.4255E+04 0.1336E+02 0.1583E+18
4128 OUTSIDE  412.786 0.030  0.136+03 0.4181E+04 0.1331E+02 0.1577E+18
4129 OUTSIDE  412.886 0.030  0.13E+03 0.4132E+04 0.1336E+02 0.1583E+18
4130 OUTSIDE  412.986 0.030  0.13E+03 0.4058£+04 0.1331E+02 0.1577E+18
L2809 UUIDLUE LLBB.,BLS (FIRVELY V. UUEHUY UL UUUUETUY UL UUUUERUY UL UUUUERUY
22890 OUTSIDE  2288.923 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
22891 OUTSIDE  2289.023 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
22892 OUTSIDE  2289.123 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
' 22893 OUTSIDE  2289.223 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
Example 22894 OUTSIDE  2289.323 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
22895 OUTSIDE  2289.423 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
. 22896 OUTSIDE  2289.523 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
@ui uf f“% 22897 OUTSIDE  2289.623 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
22898 OUTSIDE  2289.723 0.030  0.00E+00 0.0000E+00 0.0000E+00 O.0000E+00
gV
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SYNRAD Results — CesrTA Modlfication Example !_h"ra

| = 01E Ch b Outer Wall o %

i ;l Q amber / , r ﬂ }, @
(1] ' & = Vil ==
=l A N — O
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;:__—“_—]_1 \ = % ﬂ

© Inner Wall -

o

2 GeV
5 GeV
SST J SST_4
@ % 17_1- QO01W Chamber =E D
] |l @ ] L ,4;
SN ] :r— I ;- 4|_ T
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[ % ]@ ; E;g

SYNRAD used to ensure proper SR Masks
were designed to shadow non-cooled components
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Thermal Stress Analysis — Example 15N

chamber had to be designed to handle 40 kW of SR power 2
generated from a string of six superconducting wigglers.

O ANSYS was used to calculate temperature rises and stress, at
maximum power density of 6 W/mm?, to verify safe operation
of the chamber.

87.4
82
76.7
s
66
60.6
55.3
49.9
446
393
33.9 Min

9e7 Max
8.4e7

7.7e7
7.1e7
6.4e7

[l Y, | e g [ PR '}____"g"“"—“-“
. SCWsafLG' Wes? T e

/

A Vacuum Layout (CTA Photon Stop Layout)

5.8e7
5.2e7
4.5e7
3.9e7

3.2e7
2.6e7

1.9e7
1.3e7
6.5e6
2.6e4 Min

Q During CesrTA vacuum system conversion, a photon stopper %g@w

TiSP Pumping

Ante- Chambelx

Photon-Stop Chamber

prt vttt vt bt b
m lim 14 m 15 m l&m
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Synchrotron Radliation Calculations — SYNRAD 3D !_;‘Hﬁ

O At glazing angles, high energy photons have very high reflectivity on matters.

O Recently, a 3D version of SYNRAD was developed to track SR photons in a 3D structure by David
Sagan (http://www.classe.cornell.edu/~dcs/) at Cornell. The SYNRAD 3D takes into account of
elastic reflection of SR photons (both specular and diffusive) with user specified reflectivity and
surface roughness.

O SYNRAD 3D generates SR photons distributions that linked to the accelerator lattice, as SYNRAD.

U The chamber geometry is defined by series of (changing) cross sections along beam path, and
SYNRAD 3D generates smooth transitions between sections.

O A functionally similar SYNRAD program (http://test-molflow.web.cern.ch) is also available from
CERN.

O This SYNRAD is developed by R. Keservan at CERN. It can directly import 3D geometry of a
vacuum system from a CAD model. But it requires manual setup of magnetic ‘regions’.

O The CERN SYNRAD can be coupled with a vacuum modelling program (MolFlow+) for pressure
profile simulations in a complex system.

W1 USPAS Vacuum (June 17-21, 2019) 18
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d In Cornell's ERL prototype inject project, an 600-kW
electron dump was designed and constructed.

Q  Aluminum (6061-T6) was chosen over copper due to its
higher neutron generation threshold.

O A pair of quads used to enlarge the beam sized, and a
modified Sectupole used to raster centroid of the beam.

Q Cooling water channeled through small channels to enhance
heat exchange.

W1 USPAS Vacuum (June 17-21, 2019) 19



Simulate & optimize power deposition A
Q Geant4 (a toolkit for the simulation

Of the paSSage Of par’ticles thr’ough | A A

matter) was used to simulate B

electron beam interaction with | A —
. . A= trms (2.7°)

dump body, and to optimize beam |

setup for even power deposition | e R "

el
<]
=1
b | c
w
2
50 —|
g ~
s 5
z S 40
= =
z =
: ol
= - 30—1—..,';?
z 2 ¥
o & .
20 |~
10
0=
0.0 0.5 1.0 13 2.0 2.5 30 0.0 0.5 1.0 15 20 25 3.0

Distance from cene tip (m) Distance from tip of beam stop (m)
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Beam Dump Thermal Analysis
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[ After optimizing electron beam setting, ANSYS

was used to calculate temperature distribution

and analysis thermal stress, to ensure operational

safety at design power level.

Taking symmetry advantage, only one slice (16.4°)
of the dump body needs to be modeled, to save
computing time.

40 — — 60
—~ - - a
N -
e -
(&] 7
% 30 — . , — 50 -
= . 3
g — power density 3
4 — — temperature P

S 20— , P —40 =
o ’ @
3 ’ 3

4 O
= 10— ’ 30
q) /
T ’

'
_ 7
0= I I I | | 20
0.0 0.5 1.0 1.5 2.0 2.5
Distance from cone tip (m)

B

USPAS Vacuum (June 17-21

Type: Temperature
Unit. *C

———m

(b) = S

%-4 6.19e4 103e34L7j!e 18&3 m

0.00e0 A 13-4 -82%c4 12403 -16%-2 -206c-3 -248¢3 -289e3
Type: Directicnal Deformasicn|X Axs)
Unit: m

-2578-5 -2 -2 -3,
3.10e.7 -538e5 108e4 |82e4 21664 27064 32464 378ed
Type: Directional Deformation(Z Axis)
Unit: m

b

2457 I1'493—4‘91o5

-]
54067  442e7 34387

6,387
6.87e7 5.8%7 4.91e7 3.92e7 2.04e7 1.96e7 9.61e6 1.45a1
Type: Equivalent (von-Mises) Stress
Unt: Pa




Pressure Profile Calculations/Simulations !_h"[ﬁ

» In accelerator vacuum system design, or/and in accelerator operations,
knowledge of vacuum pressure distribution (or profile) is often needed, at
least, for the following reasons:

- Optimizing pumping speed and capacity installed to keep average pressure and peak
pressure under desirable level

= Understand impact of regional conductance limitation and local high gas load to the
accelerator operations (such as beam lifetime, background to HEP detector, X-ray users)

» For almost all accelerator vacuum systems, molecular flow condition prevail.

> Though analytical method may work for very simple systems (such as round
tubes), numerical approaches are usually used in simulating the pressure
profile, with defined geometry, known pumping and calculated gas loads.

1{'!_,\7/[ USPAS Vacuum (June 17-21, 2019) 22



One-Dimensional Pressure Profiles !_,‘.",!}

» Since most accelerators and components have one dimension which is much
bigger than the two others (length of the beamlines vs. cross-section of the
beampipe), one-dimensional mass-balance equation may be used:

v dpgf’t) Q) S(x.t)-P(x.t)+ c(x,1)- 3 sz(ﬁ’t)

> At static states (which apply to most accelerator operation condition, where
beam current varies slowly):

d“P(x
S()-P(0)-cx)- P g
where S(x), Q(x) are pumping speed and gas load, c(x) is specific gas conductance

> In the literature, it is solutions to this equation that are found most often.
Some of them are obtained analytically, others numerically.
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Analytical Solution — Periodic System !ﬁ"[ﬁ

» Consider a simple vacuum system of uniform cross section, with lumped pumps installed
every L meters apart, no distributed pumping.

> Let A be the specific surface of the vacuum chamber, in cm?/m , and an uniform thermal
outgassing rate, q in mbar-l/s-cm?, we have

d*P(x db P (x=L12)=
C ( ) — —Aq sy(r]r?me‘rz'y: | ¥

dX2 P(x=0)=AqL/S

> The solution is:

P(x)= 22 (Lx = x? )4 AgL
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Analytical Solution — Periodic System Cont. !_h"'[s

3.5E-8 —
L Qtor = LOE-8 (mbar " |/s/m)
C=0125(m"|/s)
B S=05(1/s) Sgpe=0.375(l/s)
3.0E-8

P{x)
L

WANLA N

2.0E-8

I X(m)
15E’8 | | | | | |
0.0

5 2.0

0.5 10 1
@ @
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Analytical Solution — Periodic System Cont. !_h"[ﬁ

Average and maximum pressures are:

L 1
Pavg =AqL( L —|—1jEAqL.i & Ppeak = AqL +

12¢ S S 8C S
eff
L $=40015
TN —— L $ = INFINITE
O SPECIFIC CONDUCTANCE

S S axmmbae € =20 (I'ns) 1 A2
B 10 Cs—e0ls el 7 10
L e —eme
E g=301 T
-
el IUl — 101

Sep = (L'12¢+1/S)
l(}[] 1 | | | | I I | | } | | | | L 11 | 1 | | | | L 1 11 -11{}[}
10 10" 10 10°

[. (m)
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VACCALC: A Numerical Implementation !})"[ﬁ

This solving technique is based on the finite-difference method, by 'slicing’ vacuum system into N
elements of equal length, Ax

$(x)- P(x)— c{x)- d;FX’SX) _Q(x) %(c %_si P+Q =0

AND: d ( dpj (Ci+1 —G )Pi+1 T (Ci _ Ci—l)Pi—l _ (Ci+1 —Ci, + 26 )P|
2AX° 2AX°

G +2Ci—1 P+ {_ (Ci+1 T ;i—l +2¢ ) _ SiAXZ}Pi + Civg _; Cin P.,= inxz

With proper boundary conditions, these linear equations can be solved
for the pressure profile, P..

Ref. "A Method for Calculating Pressure Profiles in Vacuum Pipes”, Sullivan, SLAC, 1993
I{J.}I USPAS Vacuum (June 17-21, 2019) 57 G(EEE




VACCALC Input IS

» Each beampipe element is described by the following
characteristics:

> Lumped or distributed values.

> Length (m)

> Axial conductance (liters/sec)

> Outgassing rate (nTorr-liters/sec)
> Pumping speed (liters/sec)

> Segment length (Ax) is specified for all elements

> 10,000 segments max. per pipe
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VACCALC Output IS

> VACCALC produces an Excel Spreadsheet output file

called "VACCALC.tsv" which includes the following:

1. Pressure (nTorr) vs. Z (meters)

2. Average Pressure along piping
segment (nTorr)

Axial Conductance
(liters/sec-m) vs. Z (meters)

Gas load (nTorr-liters/sec-m)
vs. Z (meters)
Pumping Speed (liters/sec-m)
vs. Z (meters)

Example: K. Gounder, et al, “RESIDUAL GAS PRESSURE
PROFILE IN THE RECYCLER RING”, Proceedings of the
2003 Particle Accelerator Conference

USPAS Vacuum (June 17-21, 2019)
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o Another way of solving the mass-flow balance equation is
the so-called Continuity Principle of Gas Flow*, which can @
be stated after discretization of the vacuum
system as shown. ¢ ¥ Ciry

Pl | P; o Pinl

o Each segment of the vacuum system is assigned its Si, Qi
and Ci, and then its pressure Pi is obtained by solving the
set of equations: @

Ci(P4y—-PF)+Ci1(Pyy—PF)+Q; =S;P,

o Three boundary conditions (BCs) were discussed in the reference(*):

1) Periodic BC;
(2) Smooth BC;
(3) Fixed BC

* Y. Li et al., Calculation of pressure profiles in the CESR hardbend and IR regions, Proc. Int. Workshop on
Performance and Improvement of e—e+ Collider Particle Factories, Tsukuba, p.242-247 (1999
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The Continuity Principle of Gas Flow Cont. I

Periodic BC. Ci (P, —P)+Cy(P, —P)+Q; =5;P,

{EO :E)”P then {Ci(Pilpi)"‘CiJrl(PiﬂPi)"‘Qi =SiP;
o Ch(Pr1 =Pr) +Co(PL—Pp)+Qp =Sy Py

Smooth BC: Co(P—P)+Qr=5:P

{PO =P Z‘hen Ci(Piy—P;)+Ci1(Piy1 —P)+Q; =SiP,
Py =Py Ch(Pha—Pn)+Qpn =S,P,

Fixed BC: e
e —P)+(Q+ —
P, = known 11T v2\2 = 1 +C1Ry) =51R
{PO = known en {Ci(ﬂlHHCiH(HHF’.HQi =SiR
n+l — Cn(Pn_]_ — Pn) —C]_Pn + (Cn+1Pn+l _|_Qn) — SnPn

All these linear equations can be easily solved to obtain pressure profile, via so-
called Substitute-Forward & Chase-Backward method, as described in the
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Arithmetic for Smooth BC !_h"rﬁ

Continuity Principle of Gas Flow equations can be rewrite as:
R 1 +R+bRgy=di  (=12..n)  (A)

aj =-C;i /(C; +Cjiq + Sj) a; =0 an =—Cpn/(Cq +Sp)
bj =-Ci;1/(Ci +Cjs1 +S;) by =-C5/(Cy +S1) by =0
di =Q; /(C; +Cj,q +Sj) d; =Q;/(C, +S;) dn =Qn/(Cp +Sp)

Forward-Substitute (solving for P; in ith equation in equations (A) and then
substituting solved P; into (i+1)th

o . + % _
equat_lf)n in _e_quatlons (A), an so forth, P = di _bi Pi.q (| _1,2,...,n—1)
from i=1to i=n)
_dqF B
P, =dj (B)
by’ =Dy b =by /(- aibi) . .
* . . . i=23,..., -~ d,=(d,—-a,d1)/1—a,b,_
{dl _d, & {di =(di_aidi—1)/(1—aibi—1) ( n-1) & d,=(d,-aydj, 1)/( anbn_1)

The pressure profile is now easily obtained by ‘chase-back’ of

equation (B)
Implementation in IGOR Pro. (ICM Prototype Beamline Pressure Profile)
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Materials/Calculations/Pressure Profile Smmoth BC.pxp

Application — Background of HEP Detector !_h"[ﬁ

In CESR/CLEO HEP II operations, an experiment was conducted to probe the HEP detector
background sensitivity to pressure distribution

10 T T

I [ [ [ I
PO00111 PO00011 PO0O0000 PO0O00O1L

PXXXXXX

“X” for 6 pumps
Xx=0 pump Off
x=1 pump On

Pressure (torr)
=
o

Symbols: measured
pressures

‘——CO Leak

./ &/ /] /1
-10 Q1 | ISP pB3 B3 | H4 | HS | H6 | H7 ]

0 500 1000 1500 2000 2500 3000 3500
Distance from IP (cm)

In the experiment, a CO gas was introduced to create a ‘pressure bump”, and ion pumps (2 LPs, 4 DIPs) were turned

off sequentially to spread the bump. A probe electron beam was sent through the bump to measure detector
background.

o Pressure profiles were calculated and compared to the measured pressures, with ion pump speed's pressure
dependence taking into account.

o The results helped design of background masks for the CESR/CLEQ III upgrade.

lilj/'.[ USPAS Vacuum (June 17-21, 2019)
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Application — Background of HEP Detector 2 !_,‘."[ﬂ

Table 3. DIP Pumping Speed Parameters

DIP Name Max. Pumpmg Speed, [/s/m
* Gas load Q -- dominated by the CO leak, 1.6x10 torr-liter/s gig ;:
* Conductance -- calculated using MOLFLOW E;E 133
* Pumping Speed HTE 120

TiSPs -- S, ,*F..i; Snac-Plenum Conductance, %
. ()
F., - Saturation factor o
DIPs -- S, ® f(P), Pressure dependent pumping speed %
* Self-consistent iteration %
&
107 10° 10° 107 10° 10°
. _ ] ] Y Pump Pressure (torr)
Profile with | P, P,, | Profile with | P, P~P., Profile
> — I I-
f(P)=1 ¥ f(P.,)

No
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Pressure Manipulations and Calculations

155
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detector radiation

©
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©
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o o
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o
=

©
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Application — CHESS-U Average Pressure (X. Liu) I

Dipole C chamber

148 736 7. 605 6472

3 q
— NEG strip |

I | T

[491

» In the design stage of CHESS-U project, 1-D Continuity of Gas Flow simulations were conducted to
validate vacuum pumping system, which consists of modular NEGs, NEG strips as well as ion pumps.

> The simulations were trying to 'predict’ vacuum beam conditioning and on NEG saturation during the
conditioning.

NEG strip

W

J |
Modular NEG
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CHESS-U Vacuum Simulations — Inputs and Work Flow I

|Photon flux (fotal, 6GeV, 1mA), Conductance (CO), and Total pumping speed (CO}\
i 1000 = ~—— Strip (0.1m length)|
2500° 3 o
— Conductance 8 = D500
+ Photon Flux 1 —— Strip (1m length)
Total Pumping speed| =400 ]
204 S R H 100
3 ]
|£ 4
|5 ]

=300

. | g 1F S i Initial gas Ioaﬁ assessment
[ 200 ]
10+ \‘ '3 NEG : :
| | ] NEG Activation

10" 10°

Pumping speed (I/s)

7'}

P

10”
Sorbed Gas (Torr.l)
—

Calculate pressure profile, record data

-
|
/.

I T
40 60
Segment number (Segment length = 0.1m)

P

N ””}?:c ) runlﬁﬂPfac:t(Ti:l[?;fe‘(@:S‘ ?i;:ﬂmh?mj"ﬁ”zzﬂ B ”rz?:’ ) Beam Operation for dt
J 0*0\\\\\ _;w_: QSR - 775R FSR l\ ll
Update NEG dose & pumping speed

¥
Update photon dose & gas load
)

0.001 0.01 0.1 1 10 100 1000
NEG saturated?

Beam Dose @5 GeV (amphr) N O
YES

0.88
(

photon/m)

dP/dI (ntorr/Amp)
T T
y
/
ik
o) o]
I |
(uojoydpmaajow) pa1A (1d

[| M sr_m (molecule/photon) = AsDose’

0E with A= 10" (for Dose > 2.2x10°" photonem)

1 gr = 0.023 (for Dose <= 2.2x10°" photon+m)
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CHESS-U Vacuum Simulations — Results I

0" 3
£ P3|
Q)
0" 3
= 2 Sl o
é ] E \\ — i -g“
3 =B : 2
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7] 4 = - 2 g
§ ] — . :
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> = S J S \l\ < S =3
o 2 B B g = ot =,
2 o = E s Al Q
< a 11 i T R : S =
42 o 10 3 i b E 01 2
103 & 3 2 ] E B
& ( B 1 g
Z 7 ] 5% S
—— P_mean < £ T g
e —— P_mid Dipole C 1072 4 o 10" =3 o
10 3 ---- P_lon pump D 3 & 3 <
3 —— P_ratio 3 3
—— P_mean z g‘
—— P_mid Dipole C 5 @
) 10" 5 ----P_lon pump D 107 3 =001 ¢
-14 = . = o <
10 —] T T LI S T = —— P_ratio : C o
0.1 1 ] ] — P_mean g
G £l & —— P_mid Dipole C =
10° —l T T LI | T T L — 10 —E == FF:__IO?_ pump D _g
. 3 —— P_ratio
Allow NEG Strip Saturay o 1 | ; S
Beam ti 4
10-14 —l T I T T T T T 58 I T T T T T I T T T I_ 0001

Allow NEG Strip Saturate to 9 o 10 100

Beam time (day)

Allow NEG Strip Saturate to 2%
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Electric Circuit Analogies
Flow of Gas Molecules « . » Flow of Electrons

Vacuum Electric
deoIecuIes — EI — C ° P —p dQeIectric — | — G .V
dt dt
gy — IV
dt dt
Pressure P [Torr] <«——— Potential V [V]

Conductance C [l s71] «<—>  Conductivity 6 [£21]
Throughput q [Torr | s1] «<——  Current I [A]

155

Volume V [I] +—> C(apacitance C [F]
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Electric Circuit Analogies — Example 1
Flow of Gas Molecules « i » Flow of Electrons

vacuum

d;
|

4,
|

l

Vi Py

l

V, P,

CooT

()

Pressure p [Torr]

Volume [I]

Conductance [l s1]
Gas flow [Torr | s1]

electric

|
|
O
)
|
|

Potential V[V]
Capacitance [F]
Conaductivity [Q1]
Current [A]

USPAS Vacuum (June 17-21, 2019)
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Multistage extraction

Tikt: 4 deg Differential
H-Displacement: 2mm @ @ pump.'ng
R
Plasma H2-density
Generator reguiation  © & T
Einzel
00000

H2 injection smﬁ""gq D \*‘ @ B
Piezo valve Plasma

I;]_ Chamber | = e~ L —

Cs-Collar—"
— S B
o 00000 |
lgnit -
gnition RF-Col piasma
electrode DX Beam
diagnostics
e-dump ST
Extraction Controlled
Diaphragm
valve
2 TMPs
J.L. BI0Z/2011
not to scale
Paolo Chiggiato, Chiara Pasquino, Giovanna Vandoni
T T S,
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CERN LINAC-4 Ion Source — Electric Circuit Diagram I

Conductances of each components are calculated by MolFlow+
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Flectric Circuit Analogies — Example 2 I

H2 Dynamic Pressure Profile

—&— First Volume

\

—A— LEBT Tank

'} —&— Second Volume

0.0

0.2

0.4 0.6 0.8 1.0
time (s)

USPAS Vacuum (June 17-21, 2019)

Time-dependent
pressures at
various points are
solved using
SPICE, an electric
circuit simulation
freeware.
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[ Results from one dimensional pressure profile calculations should be used with
caution, though they are valuable design tools. It is most suitable for vacuum system
with true uniform cross-section. It also works better for systems with distributed
gas load and distributed pumping.

O The accuracy of the results heavily depends on the calculation of the specific gas
conductance. Even for simple cross sections (such as round and rectangular), often
the used conductance is over-estimated, as the ‘beaming’ effect of continuous 'slices’
of ‘elements’ is not considered.

d For complex beam pipe cross sections, Monte-Carlo methods are used to compute gas
conductance.

[ Another source of errors is in the estimation of gas loads, particularly the dynamic
gas load, such as SR-induced desorption. Though it is relatively straight forward in
calculating SR flux impinging on walls, the desorption yield is spatially dependent.
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MOLFLOW* — Test Particle Monte-Carlo I

QCLVRY

o The TPMC method consists of calculating a large number of molecular trajectories in order to get a
picture of a rarefied gas flow.

o Walls of a vacuum system are divided into planar facets. Test particles ‘bounce’ off facets with a cosine
distributions, and continue be tracked until they exit the system, or into pumps. The facets can be
assigned as pumps (with a sticking coefficient) or as gas sources.

o TPMC is best for computation of molecular flow conductance, but it can also generate 3D pressure
profiles.

o The author (Roberto Kersevan) and his colleagues at CERN continues to improve the user-interface,
making MOLFLOW+ much less difficult to use, but still very time-consuming in initial setup (and in changing
configurations) .
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http://test-molflow.web.cern.ch/

The Following Slides are Courtesies of
Roberto Kersevan of CERN,
the Author and the developer of
MOLFLOW and MOLFLOW*
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> Inject molecule i

at the tube entrance

\

Calculate next collision | <

v

\4 v v backscattering probability: il

Ntransmited++ Nbackscatered++ new Ve|OC|ty

\4 \4

out of the system: go to Standard deviation:

next molecule

The Test Particle Monte Carlo: how does it work?
Calculate the molecular transmission probability of a tube.

Radius R
Length L

_ transmited

N

total

N

backscatteed

N

total



_ Desorption
Adsorption OQ\O If adsorption time is short
If adsorption time is long (~10-* s for physisorbed CO, N,, O,).
the molecule is pumped The angle of desorption, 8, is
(getters, cold surfaces) independent of the incident angle.
The “desorbed flux” follow the cosine law:

1(0)=1,c0s"0 nx1

0.018- | 10 | s integrated co%
0.018 0.016 e
0.016 b 0.014 N = COSIne 0.8 /
0.014 -| 0.012 /
0.012 1. 0.010 .% 0.6 /
0.010 | 0.008 g o4 /
0.008 | | - 0.006 //
0.006 a1 0.004 \\ 0.2
0.004 - 0.002 \\ /
0.002 0000 —— 0 a0 %% 20 40 60 80 100
0.000 - K 0 0
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Knudsen’s Cosine Law — Effusion I

O Considering gas molecules exiting from on thin orifice
(with area A). Assuming a much better vacuum above -
the orifice and a gas density below is in molecular flow

HV

region. . . .. -

0 The molecular flux (I,) in the direction normal to the © LT "‘-
orifice is proportional to the density and the orifice Y.
area A. - —

d Assume that molecules exit the orifice isotropically, Gas effusion from an orifice
the flux (I,) at angle 6 is also proportional to the density
and a projected orifice areas A-cos6. Thus, we have - -
the Knudsen's cosine law of effusion: i o §

_ g
|, =1,c0s8 ﬂﬂ;@ ]
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The Test Particle Monte Carlo: how does it work?
Calculate the transient pressure profile in a tube.

Define the sectors where the pressure must
be computed (pressure counters);

Define sampling time (time for which we want

to get the pressure profiles) :

Radius R
tsampling[]:{t1’t2! Bk Length L

Inject molecules, calculate next interaction, (as for the transmission probability
case), and for each time tg,,ng [| Update pressure counters.

I\Isimi f - ]
P, ZT’ka, f is thescaling factor f =

real

i sim total




The Test Particle Monte Carlo: how does it work?
If surfaces have sticking probability? (getters, cold surfaces)

Calculate next collision | <

 Z
v v v Radius R
4 \/ \/
Ntransmited++ Nbackscatered++ new velocity
4 4

out of the system: go to
next molecule




The Test Particle Monte Carlo: how does it work?

If surfaces have sticking probability? (getters, cold surfaces)

Calculate next collision |<€

v

Molecule sticks?

<-

-0

NpumpealS€CtOr]++

N re-emmited [secto I’] ++

v

out of the system: go to

next molecule

v

Molecule sticks?
If Rnd() <s the molecule sticks
Else re-emmited
(Rnd() is a function to generate random
numbers uniformly distributed in [0,1]

NoumpealS€CtOr] -> gives the distribution
of the molecules pumped

N/e-emmiteglSECLOr] -> gives the pressure
profile (via the impingement rate)

[sector] Q

re—emmited

v[sector] =

N, - AlSector] kT

p[sector] = 4T v[sector]

Va

4Q N re—emmited [SeCtO I’]

p[sector]=—

new velocity

N total ~ A[SECtOf]

a



The Test Particle Monte Carlo: Examples.
Steady state pressure profile in a tube

Uniform outgassing rate Q=1.85x10-> mbar.l/s (air)

Length 400cm, diameter 3cm

)

o : :

E &

(D] - DX :

5100 |

wn o :

wn Y °

2 . | .

e ‘ | | i ]
N = 100000 molecules *

0 50 100 150 200 250 300 350 400

Length[cm]



The Test Particle Monte Carlo: Examples.

Transient pressure profile after a pressure burst in a tube

Pressure burst Q=1.85x10° mbar.l @ 240cm (air)

pump . s > _Pump

S=821/s S=821/s

N
7

Length 400cm, diameter 3cm

pressure[mbar]

Length of sector = 4m/100

Velocity air molecule at 25°C
~ 500 m/s

Time to fly along a sector ~
length / velocity = 8x10° s

‘ ! ‘ ; ! RXX XK
s S E I IR RO B, S NP,

100 150 200 250 300 350 400
L[cm]
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The Test Particle Monte Carlo: if you don’t want to write the code?.

MolFlow+

Written by Roberto Kersevan (former leader of the Vacuum group at ESRF;
since July 2009 at ITER, now at CERN)

Developed since 1991, (started at CERN), in Turbo Pascal. used mainly in
accelerators laboratories (Diamond Light Source, BNL, Elettra, Alba, Sesame,
ASTeC, FermiLab, Cornell, and more). Old versions not very user friendly...

New version since 2008: written in C/C++ under Windows XP/ OpenGL, fast,
optimized for multi core CPUs (parallelization)... user friendly graphic interface,
but lacks a serious manual...

Geometries can be imported in 3D-CAD format (.STL, common to the main
CAD programs)

The program can be obtained directly from the author:
Roberto Kersevan <roberto.kersevan@cern.ch>



The Test Particle Monte Carlo: if you don’t want to write the code?.

3D CAD drawing

Import into Molflow+
(.STL)

Configure simulation
model:
Define facets, desorption,
pumping, opacity, etc

Define outputs:
Profiles: pressure, angular
distributions, formulas.

RUN

MolFlow+
Procedure:

Attention: version 2.1 only accepts ASCII type .STL files

Where the user spend more time: the .STL file loads surfaces built with
triangles. The user must “collapse” some of this triangles by groups in
order to define the usefull facets for the simulation. Less facets also
means faster runs!

Pressure and angular profiles can be plotted for “real” facets or for
“‘virtual” facets, (imposed to the model just for this purpose). For
example, if we want to plot the pressure along the transversal plane of a
tube.

Practical results within a few seconds to hours, depending on geometry.
(1,550,000 hits/s in a 2.4GHz dual core CPU)




The Test Particle Monte Carlo: if you don’t want to write the code?.

Example with MolFlow+: pumping port at ESRF

Courtesy of Roberto Kersevan, ITER
gC_CALE 12

Detail 1
Echelle: 21

SEE DETAIL 1
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The Test Particle Monte Carlo

Summary:

Simple physical basis: rectilinear movement of molecules in UHV, cosine like
desorption, molecules move independently from each other.

Flow charts for the simulation are simple: do not require expert programmers to
write a code for a dedicated simulation. (to work with 3D CAD files it's another
story...)

Both steady state and transient regimes can be simulated with accuracy in 3D

It is a statistical method: accuracy depends on the number of molecules tracked

Steady state simulation of 3D complex geometries, loaded from CAD files, can
be done with MolFlow+ In a user friendly environment.

Transient simulation of 3D complex geometries, loaded from CAD files, can be
done with FEM PROGRAMS, (slow), or with your own code...
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UHV Synchroton Radiation



Molflow+

“Friendly units”

[ MolFiow+ 2.1 [LPCPv147v247BLNH
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Synrad+ AND Molflow+

.. - File  Selection Tool: Facet  Wertes
ALL facets with mesh
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« In arecent CHESS upgrade, canted undulators with 5-mm vertical aperture
beampipe were installed between a strong dipole and the SRF cavities (namely
W1 and W2 SRF cavities).

« Elevated pressure level is expected near W1 during the startup of CESR with
new undulator vacuum chambers at Q8W.

« The purpose of this modeling is to evaluate gas load to the W1 and W2 cavity
cold surfaces during the commissioning of the A/G-line undulator chamber.

 In this modeling, only SR-induced desorption from HB7W (positron beam) is
considered.
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Step 1 — Construct a 'Vacuum Space” Mode/ !_H’[s

50 L/s
Gauge 6

 Total length of vacuum chambers ~ 10.7 m "

* The model includes all beampipe shapes
and transitions, pumping ports, and
gauge ports in interest, but excludes
details such as gate valves,
RF-shielded bellows, etc. o

A simplified 3D model constructed
with Autodesk's Inventor®
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Step 2 — Import to MolFlow via STL File

There are 8236 facets in the imported MolFlow* model
after ‘collapsing’ more than 50% of triangular
tiles’ into rectangular facets.

In simulation, CO or H, molecules are ‘desorbed’
from SR stripe. The molecules are tracked
until absorbed by a pump.

Computing time is very long. It
took over 4-day to ‘desorb’

I5ib

~10-M molecules
(~12.4 Ghit).

e P [ e PATETLE.
N e e

NSSISASISLIS > <<
NN SIS AP P
% SIS SISO PP %7,

SNEAAAD
N0z
SSISZZ

USPAS Vacuum (June 17-21, 2019)

1568 facets/cavity
Sticking Coef = 1.0
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Result - Relative Pressures and Profiles !}.",E}

Area (cm~2) "P"=Hits/Area "P/W1cCC"
Gauge 3 (CO8W) 51690 2.84 1.82E+04 3

Gauge 4 (W1CC) 55291 9.19 6.02E+03 1

W1 54684 3131.51 17.5 0.28%

Gauge 5 (WRFC) 4629 166.68 27.8 0.46%

W2 7913 3131.51 2.5 0.04%

Gauge 6 (W2RBT) 3019 166.68 18.1 0.30%
10° — Amu 23]’

Pressure (torr)

12 [ | MolFlow Pressure Profile
F * SR gas load onky (200mA positron)

T + SR desorption yield n = 10° mol/ph
10 F ! ! ! !

0 2 4 6 8 10m
Location Q7W to W2 RBT
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Application Example of MolFlow+ (2)

ID #1

.
e
S
e x T L.
—— — ! - L - -
S 1 ) - i B e 1
e i - i = s 5
= -
=
i
Ty |
11 LA
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CHESS-U Vacuum Conditioning Simulation

WY1 USPAS Vacuum (June 17-21, 2019)
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Application Example of MolFlow+ (CHESS-U) T

Qo

: + § o IR OO « Considering PID gas-load only
»k Synchrotron Radiation Flux | ’

+ “Well-conditioned” case, with full
NEG pumping speed

« How to get there?

dPAI (ntorr/Amp)

(uojoudpmoajoury PIRIA AId

L 1 N 088

- .l‘.' A 4 [ molecule/photon) = A*Dose hoton/m
Half ID Straight| Il . ol ™ SRTﬁt( ule/p ) " (P )

L - " R E with A =10 (for Dose > 2.2x10" photon*m)

4 N sr = 0.023 (for Dose <= 2.2x1 0”° photon+m) .
E " E [ =10

' ' ' ‘ ‘ ' ’ Beam Dose @5 GeV e NEG Strip Saturation

Photon Flux (phtons/s+10cm*mA @6 GeV)

Q (torr-liter/cm” )

W AOO

2 4 6 8 10 12 14m
Distance
Q (torreliter/m)
Pressure Profile for ‘Well-Conditioned’ Chambers . . S
= r r ; I I I Fo : [ [REF: C. Benvenuti and P. Chiggiato JVST A 14(6), p.3278 Fig.2 |1
: | ‘Fully Conditioned’ Chambers, eta_PID=10 ° | /\ ] 1000 & -};_O\i‘(l-\j___lv -
24— f - E B J\(L’C
/\ [+ i \F_)\L
F & [ Activation at 500°C | o
o | 1 = 100 \{\r =
— 10 E Y 3 = E KO =2.1545 + 0.0217 o 3
= = /\ - = K1 =-0.905 + 0.0434 T
=] ol — 8 K2 =0.081687 * 0.0629 SN
°r L / 2 - %) K3 =0.14317 + 0.0689 O
o al H = - K4 =-0.077874 + 0.0475 ti\_
=B E Y 10 | K5 =-0.076945 + 0.0236 2 =
D 31 — Y 1 E K6 =-0.016311 + 0.0122 NS E
< oL - V-
3 : D
r—] z L PR Lo il | Lo
] -10 0.01 0.1 1 10
O 10 %z
o,

[ 200 MA @ 6 GeV (Fresh NEGs )| |
1 1 1

(o] 2 a4 (S 8 10 12m
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CHESS-U Vacuum Conditioning — Work Flow I

Load Initial SR Gas-load & NEG Pumping Speed to MolFlow

v

%’ Run MolFlow* ( 10 min to 1 hour)

v

Record P-profiles in beam plane and in NEG ante-chamber

4

Take a time step At

¥

Re-calculate SR gas load (conditioning !)
& NEG pumping speed (saturation ?)

v

Re-load SR Gas-load & NEG Pumping Speed to MolFlow *

¥

ey
R

1. SR induced desorption yield always decrease with accumulated beam dose
2. NEG strips saturate with sorbed gas load Q. ,,.s=2PnecXSyecX4t, but may be reset by ‘activations’
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CHESS-U Vacuum — Simulated P Evolution I

Calculated Pressure Profile (Torr/mA)

10

10

10” Beam (SR) = 13 A-hr

Pa\,g & P, ax (torr/mA)
=)

-6

-7

i EEE

10 12m

6 8
Distance in a Cell (m)

NEG Dose = 3 A-Hr
9 P_avg = 0.271 ntorr/mA
P_max = 0.587 ntorr/mA
1 (B BT B BT Ll Lol | Ll
10” 10" 10 107 10’ 10* 10° 10°

Beam Dose (mA-Hr)

USPAS Vacuum (June 17-21, 2019)

Simulations indicated that
NEG strips alone may
Impede the progress of
CHESS-U vacuum
conditioning, due to limited
capacity.

Therefore, high capacity
cartridge NEG pumps were
added in the final design.

NEG stripes in the narrow
gap undulator chambers
were also replaced.
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Application Example of MolFlow+ (3) A

* Ina 2015 CHESS Upgrade, a window-
less A-line was installed.

e Time-dependent MolFlow
RGA simulations to evaluate
response time from
_ SIPs accident at user station.

NexTorr

WY1 USPAS Vacuum (June 17-21, 2019) a1



Simulated Responses from 1-sec, 107 torr-l/s Burst

Pressure Rise Due to a Burst (mbar)

| | | |
Pressure Profile Evolution  Timeafter leak.

K |

Only TMP and HB7W DIP "ON" | 3

10°F 3
-200 )
°
10° 3 11" 2
Collimator 1 Collimator 2 e 14w 3
1 PRG)
o/
0" dy >
0 2 4 6 8 10 12

Distance from the Gas Burst (m)

Wed, Mar 11,2015 (10:29:17 AM)

Simulated Pressure (nTorr)

2

Aperture (cm )

800

600

400

200

200
150
100

50

Flight Time (seconds)

I5ib

USPAS Vacuum (June 17-21, 2019)
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- Y Pressure @ 9.051 m
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]
/ \ =
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2 4 6 8 10 12
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Time-dependent Simulation — Validation

Inject He

» Leak checking measured surprisingly slow
response, due to long port distance (550 m!)

* MolFlow simulation showed very good
agreement.

IS
NY1

64s cal injection @ MY, measured at Y1-6 (550 m away)
9 October 2013
]
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iy
o

Apparent He raie (Tl/sec)
NN '
E=N L4}

N
w

!\'u
na

21

L] I 1 T T L] T I

MolFlow+ Simulation

550-m away @20°C

Measurement

Michael Zucker, LIGO

Yulin Li, Cornell ]|

USPAS Vacuum (June 17-21, 2019)

|
1 1
500 6%HU 700
t (sec)

1 | 1 1
400°

300
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Vacuum Calculations - 1D vs. 3D !H’[ﬁ

[ MolFlow+ is a very useful tool for vacuum simulations of simple and complex
structures.

[ The program is free and the program authors at CERN alway provide timely
supports.

[ However, it has a relatively long and steep learning curve. It is also very time-
consuming in setups. For complex and large structure, computing time can be very
long (hours to days).

[ On the other hand, 1D cancelations may be very useful in providing approximated
pressure profiles in design studies.

[ The 1D calculations are extremely fast, seconds to minutes for even very large
structures.

1D calculations are usually easy to learn and quick to implement. The inputs (gas
loads, pumping, etc.) are more flexible, thus it can be embedded in other programs
for more streamlined design studies.

0 The major 'defect’ of all 1D calculations is related to gas flow (conductance).
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Comparisons between 1D and 3D Profiles !_h"rﬁ

N

[ The test structure is a round pipe (15-cm in diameter, 10-m in length), with pumping
ports spaced 2-m apart.

O Pumping include 500 I/s at each port and 10 I/s-m distributed.

O Thermal outgassing from all surfaces at a rate of 10! torr-liter/s-cm?.

A 1D profiles are calculated with The Continuity Principle of Gas Flow method, with
various cell lengths.
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Comparisons between 1D and 3D Profiles 1545

b | Quality Factor:

, Q= %ZN: Yo —PL T x100%

401 o - l
i I:)3D

20~ . . @;
0 l | | l \
0 2 4 6 8 10
Cell Length in 1D Calculations (cm)

Quality Factor (%)

Calculated Pressure (10'10 Torr)

12+ —— 1D Model —
+ Molflow
1.0 I I I I I
20 30 40 50 60 70 80

Location on Pipe (cm*10)
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MaolFlow? Dzmonstration

USPAS Vacuum (June 17-21, 2019) 87



