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Introduction

Goal: short introduction on the vacuum field (surface science, gas 
dynamics, simulations, vacuum instrumentation...) and the science and 
engineering for a larger “user facility.”

“the surrounding gas can interfere on the desirable process, it means, 
it is a requisite part of the process or/and an integral part of a product”

Ex: heat transfer, vaporization, chemical/physical reactions or effects, 
protection...

Justification: why do we need vacuum?
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Introduction:
Pressure range of earth’s atmosphere

Moon’s surface
atmospheric
pressure:
3 x 10-10 Pa

13 km commercial flight limit
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Introduction:
Vacuum Terms (ISO 3529/1) 

Vacuum range   Pa [N/m2] Naming 

100 kPa - 100 Pa (1000 mbar - 1 mbar) low (rought) vacuum

100 Pa - 0,1 Pa (1 mbar - 10-3 mbar) medium vacuum

0,1 Pa 10 µPa (10-3 mbar - 10-7 mbar) high vacuum (HV)

< 10 µPa (abaixo de 10-7 mbar) ultra-high vacuum (UHV)
< 10-10 Pa (abaixo de 10-12 mbar) extreme high vacuum 

(XHV)*

Standard references conditions for gases :
Temperature : 0 �C
Pressure : 101,325 Pa (= 1,013.25 mbar)

ISO definition:
“A commonly used 
term to describe the 
state of a rarefied gas 
or the environment 
corresponding to such 
a state, associated with 
a pressure or a mass 
density below the 
prevailing atmospheric 
level”
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Introduction: Ideal Gas Law  

P . V = N. R. T

P = pressure [Pa]

V = vomule [m3] 

N = amount of substance [mol]

R = universal gas constant (k . NA) [8.314 J. K-1mol-1]

T = temperature [K] 
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Class “0” of vacuum : monolayer 

The molecular diameters are measured in Ångström (1 Å=10-10 m).
Diameter of nitrogen molecule :  3.7 Å

How many molecules we have at the surface of a cube of 1 liter?
CAS  CERN-94A.G. Mathewson

6 side = 0.010 x 0.010 x 6 = 0.06 m2

1               = 7.3 . 1018 molecule/m2

3.7 . 10-10 x 3.7 . 10-10

0.06 x 7.3 . 1018 = 4.4 . 1017 molecules

Place one molecule of nitrogem by side another over the cube surface 
(definition of monolayers).

Sep 20, 2018    ISNIE 2018 Summer School 7



Class “0” of vacuum : pressure equivalent 

What is one monolayer of gas as pressure equivalent? 

Using the ideal gas law at standard conditions for temperature and 
pressure (STP): 
105 Pa (1 atm) at 273.15 K (0º C)

2.69 . 1022 molecules in 1 liter.
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4.38 . 1017 x 101,325 =
2.69 . 1022

1.65 Pa (1.65 . 10-2 mbar) medium vacuum!!



Class “0” of vacuum : gas in solid solution

How much gas we have in solid solution (1 liter) on stainless steel (SS) 304?

Typical value (ASTM handbook) for nitrogen on austenitic phase is 150 ppm 
in weight.    SS304 density: 8 . 103 g/liter

Using the ideal gas law at STP : 
2.69 . 1022 molecules in 1 liter =>  4.77 . 10-23 * 2.69 . 1022 = 1.28 g

150 ppm = 150 x 8 . 103 = 1.20 g/liter
106

* 1 molecule of nitrogen weight = 4.77 . 10-23 g    
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≈ 150 ppm of nitrogen in SS304 is equivalent of 1 bar atmosphere!!



Regimes and simulations 

Knudsen number (Kn):  is a dimensionless number defined as the ratio of 
the molecular mean free path length to a representative physical length scale* 

Kn = λ
L

Kn >> 1   hydrodynamics regime (Navies-Stokes commercial software)
Kn << 1   free molecular regime (Monte Carlo MOLFLOW, Angular 
Coefficient COMSOL/Fluid Flow module, MATHCAD…)
Kn ≈  1 transitional  regime (COMSOL/Multiphysics, academic software, 
MATHCAD, private calculations… )
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λ = mean free path          L = representative physical length 
Vacuum range   Pa [N/m2] Mean free 

path [m]
Kn

for 10 m
Kn

for 0.1 m
0.1 Pa - 10 µPa   
(10-3 mbar - 10-7 mbar)

6.7.10-2 –
6.7.102

6.7.10-3 –
6.7.101

6.7.10-1 –
6.7.103



MOLFLOW + 

By Roberto Kersevan (CERN), more than 20 years of development for 
synchrotron accelerators.

- steady state and transient,
- only molecular regime,
- temperature,
- accept external files STL,
- possible to couple synchrotron 
radiation,
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COMSOL/Multiphysics
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Single tool allows to simulate all range of Knudsen number!!

https://www.comsol.se/video/simulating-vacuum-system-designs-comsol-multiphysics


MOLFLOW + 
Ex: Target monolith vessel and RFQ

Target monolith vessel

RF Quadrupole
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COMSOL/Vacuum
Ex: Generic long Instrument
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Normal Conductivity LINAC Cold LINAC
Target

Neutron 
instruments

The ESS organization charges the ESS Vacuum
Section (VS) with the responsibility for all ESS
vacuum systems (vacuum instruments and
Control System) including not only the
Accelerator, but also the TARGET and the
Neutron Instruments.
The main task of the ESS VG is to support the in
kind contributions on the vacuum system and the
integrated vacuum design of the ESS complex.

Ex: ESS Vacuum System  
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Normal Conductivity LINAC Cold LINAC
Target

Neutron 
instruments

The ESS organization charges the ESS Vacuum
Section (VS) with the responsibility for all ESS
vacuum systems (vacuum instruments and
Control System) including not only the
Accelerator, but also the TARGET and the
Neutron Instruments.
The main task of the ESS VG is to support the in
kind contributions on the vacuum system and the
integrated vacuum design of the ESS complex.

Ex: ESS Vacuum System  

Justification: integrated design of the vacuum system, simplify, 
common components, reduce maintenance and training, lower number 
of hardware spare parts, create scale to lower costs (Framework 
Agreements), simplify interfaces with other sub-systems (EX: ICS, MPS, 
PSS interface).
It means, support the collaborations on Neutron Instrument to work on their 
specific needs looking from the ESS long term operation in a most cost 
effective way.
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Vacuum Standardization, an Integrated 
Approach

Working closely with our partners across the 
project one of our primary goals was to promote 
the use of common vacuum equipment and 
standards. As a result a Vacuum Standardization 
meeting was held in February 2014 where 
equipment suitable for Standardization was 
agreed and reflected in the ESS Vacuum 
Handbook.

An important element of this Standardization is 
the Procurement Policy applied for the 
procurement of all “major” vacuum equipment. 
The primary objective of the program is to 
develop a list of standard vacuum equipment for 
use project wide to minimize project costs, 
reduce spares holdings, training and achieve 
other benefits of standardization.

http://europeanspallationsource.se/accelerator-documents
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Vacuum Control System

Epics 
Domain

Vacuum team 
responsibility

ICS team 
responsibility
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Monolith Port Block Package

Monolith 
port tube 

(x42)

NNbar tube

Baseplate

Monolith port 
block 

shielding

Monolith 
port frame 

(x4)

Neutron beam window 
flange

Proton beam 
window port block 

shielding

Consists of vacuum 
chambers with radiation 
shielding in between. 
The Inserts and Plugs 
are placed and aligned 
within the chamber.
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ESS Lead Partners for Instrument Construction

ODIN
DREAM

NMX

MIRACLES

BEER

C-SPEC

T-REX
MAGIC

BIFROST

HEIMDAL

FREIA

LoKI

SKADI

VESPA

ESTIA

Target

First 15 Neutron Science Instruments

+  Nuclear 
Physics 
Institute

+  

+  

Proton BeamSep 20, 2018    ISNIE 2018 Summer School 20



Vacuum Standardization, an Integrated 
Approach: Neutron Instrument
Working closely with the Neutron 
Instruments across the project to 
promote the use of common vacuum 
equipment and standards. Every 
Neutron Instrument shall have a 
Vacuum interface document to specify 
the details of the vacuum system 
following all necessary rules at ESS site 
(Ex: bunker requirements).

The Vacuum Team support a wiki page 
to simplify the communications with the 
in kind on the vacuum documents and 
support.
Ex: LOKI and NMX instruments

21https://confluence.esss.lu.se/display/VG/Neutron+Instruments

Every Instrument: vacuum interface 

document to describe the system, 

scope of work, cost and scheduling.



LoKI – SANS Instrument 

Second 
shutter

0 2 6 7.59.7 20.512.510.3 22.5 38

Chopper 
Pit 1 Chopper 

Pit 2 Choppe
r

Collimators

Monolith

Sample 
positioning

Detectors 
tank

Window 
Target

Gate 
valve 

Chopper

Window 
Target

Gate 
valve at 
sample

Sapphire 
window 
Sample Gate 

valve

- Interface 
document for 
Instruments 
already in 
discussion,

- Standardization 
model in place.
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Vacuum Specifications 

What are typical vacuum requirements for this type of system ?
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Control Diagram Instrument
Ex: NMX
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Vacuum Diagram: NMX
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The bunker
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Typical vacuum system implementations

Beam conditioning
1 - HIGH SPEED CHOPPERS

Beam transport
4 - FLIGHT TANK

Beam transport 
2 - NEUTRON GUIDE

Sample Exposure 
3 - SAMPLE 
ENVIRONMENT
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Examples
A range of requirements and challenges 
for vacuum systems ISNIE 2018I. SuttonNeutron Optics: NBOA

Physical boundary?Sep 20, 2018    ISNIE 2018 Summer School 28



Vacuum Manifold inside Bunker

Al SnorkelAl CF

10 Instruments 23m
5 instruments   10m
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Vacuum Manifold inside Bunker
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CSPEC: Cold Chopper Spectrometer
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CSPEC: Cold Chopper Spectrometer

32

In vacuum Multi-Grid detector 
chamber (CSPEC and T-REX):

-Vessels made of Al 6061,
- Inside the vessel ArCO2 at  1bar,
- Leak rated for high vacuum,
- Outside the vessel UHV,
- Different thickness parts, 
thinnest 3mm,
- Minimum heat spreading, avoid 
warping,
- Size ~400x400mm, length 1.3m 
to 3m.
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Vacuum Integration Test Facility (VITF)
This facility will provide the capability for seamless integration
of all vacuum systems used on the accelerator, target and
neutron instruments with the ICS (ESS Integrated Control
System). This allows control logic to be developed and
interlocks checked before implementation on the actual
systems. EPICS control screens will also be developed
together with data acquisition functions using this facility.

Vacuum Support: Vacuum Laboratory

Gauge Calibration Facility (GCF)
The GCF will be used to confirm the operation and
calibration of all vacuum gauges prior to installation
with calibration performed against a secondary
standard. All vacuum instrumentation (vacuum
sensors and RGAs) installed on the accelerator,
target and neutron instruments will use this facility.
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Vacuum Support: Vacuum Laboratory

Outgassing Test Facility (MTF)
This facility is designed to support the selection

and approval of materials for use in a vacuum

environment in accordance with the requirements

of the ESS Vacuum Handbook (VDH) and the

interface document for each Neutron Instrument,

where materials having vacuum compatible

characteristics are listed. This facility will be in

support of neutron instrument design where

materials used inside the vacuum system of the

Neutron Instruments. Ex: selection of vacuum

compatible cabling, to minimize the contamination

of vacuum spaces. The selection process will also

include a quality control aspect requiring the

batch-to-batch monitoring of materials.
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Report for Outgassing Test
ESS – VacuumK. Barthelemy

Sep 20, 2018    ISNIE 2018 Summer School 35



Neutron Beam Extraction (NBEX): 
Window Flange 
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Important notes

• Vacuum groups are responsible for the vacuum requirements of 
the vacuum system (true for almost all facilities!!),

• Vacuum Group responsible to over see all related aspect of the 
vacuum contributions(including the interfaces with Control System 
and Safety, installation, services…),

• Create a vacuum description as starting point for easy 
conversation across interfaces (facilities, suppliers…),

• Cost x Performance: can be extremely complex decision, if no 
specific boundaries are clear (budge, facility environment, “from 
scratch”, adapting old solutions, life-cost…),

It means: Open the discussion with your vacuum representative as 
soon you understand what the instrument needs



Thank you!
Tack!


