(;\ EUROPEAN

SPALLATION
(; SOURCE
A History and Overview

of Cryogenic Systems

J. G. Weisend Il
June 10, 2026



EUROPEAN

What is Cryogenics? e

* Cryogenics is the science and engineering of phenomena at extremely cold temperatures;
generally < 120 K (though some researchers choose < 200 K)

* Cryogenics is a enabling technology that underlies many areas of the modern world
including :

* Basic Research — Superconducting Magnets and Superconducting RF for particle accelerators,
materials studies and fusion energy development

* Industrial Cryogenics - The separation, transport and storage of air components such as oxygen,
nitrogen and argon

 Medical applications - MRI, cryosurgery

* Cryopumping

* Space Exploration — LOX, LH,, Sensor cooling
 Energy- LNG and and possible future hydrogen use.
* Quantum computing

e All these applications require cryogenic systems.

* While these cryogenic systems operate with different materials at different temperatures,
as you will see this week, many of the design features and issues are the same. 2



Some History %\

* Before we look at the current state of cryogenic systems lets ask “How
did we get here?”

* Cryogenics really started as researchers in the late 19th — early 20th
centuries raced to liquefy the so — called atmospheric or permanent

gases.

e Along the way they developed new techniques in both achieving and
maintaining cryogenic temperatures.

* Theories on thermodynamics and behavior of materials at cryogenic
temperatures also were developed.

* These techniques and theories formed the basis of Cryogenic Engineering



Some Highlights

e 1877 Working independently Louis Paul Cailletet in France and Raoul Pictet
in Switzerland liquefy oxygen almost simultaneously

* Cailletet’s approach — compress oxygen gas to 20 Bar, cool gas to 169 K
via a bath of Liquid Ethylene and then suddenly reduce the pressure
to 1 Bar - droplets of LOX form

e 1883 Zygmunt Wroblewski and Karol Olszewski, working in Krakow, Poland
liquefied Oxygen using Cailetet’s approach with one significant change; by
reducing the pressure of the liquid ethylene to below atmospheric
pressure they reduced the temperature of the liquid ethylene bath to 137
K. At 20 Bar and 137 K, Oxygen starts to liquefy

e Alsoin 1883, using similar techniques, Wroblewski and Olszewski also
liquefied Nitrogen.



Wroblewski and Olszewski’s Apparatus

Condensing oxygen

Ethylene boiling under reduced pressure at =130°C

Steel cylinder filled with oxygen gas under high pressure
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* Before Argon could be liquefied it had to be discovered

* In 1894 William Ramsey discovered Argon by distilling it from air. He and
his team also discovered the elements Xenon, Krypton and Neon in air.

* Ramsey sent samples of Argon to Olszewski who was able to liquefy it in
1895 at 87 K and solidify it at 84 K.

* Note that even though nitrogen has a lower boiling point it was liquefied
earlier than argon as we didn’t know at the time that argon existed.
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Hydrogen S

* Liquefied by Sir James Dewar in 1898

 However, before doing this, Dewar
developed the double walled, vacuum
insulated flask that greatly reduces heat
leak into cryogenic spaces and remains a
key aspect of cryogenic design.

* Such devices are known as cryostats or
dewars and are a building block of
cryogenic systems today

* After liquefying hydrogen the race was on

to liquefy helium

Dewar’s "dewar”in the museum of the Royal
Institution



https://en.wikipedia.org/wiki/Royal_Institution
https://en.wikipedia.org/wiki/Royal_Institution
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Helium: A Special Case
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 The element helium was first discovered in the solar spectrum hence the
name ( Helios — Greek god of the sun)

* The first helium found on Earth was extracted from a mineral of uranium by
William Ramsey and identified as helium by Norman Lockyer and William
Crookes.

e Terrestrial helium comes from the radioactive decay of uranium, thorium and
other elements — Alpha decay produces He nuclei which can become
elemental helium upon capturing 2 electrons.

* The principal source of helium today, natural gas fields, was not discovered
until 1905

* Until then, finding a source of helium was a significant challenge



Helium: A Special Case %

A number of researchers were competing to be the first to liquefy helium including
Olszewski, Dewar and Heike Kamerlingh Onnes in Leiden.

William Ramsey provided helium to Olszewski but he was unable to liquefy it.

Dewar has access to helium that was released by the mineral sands at the springs in
Bath. Kammerlingh Onnes suggested that they share this resource and work
together but Dewar refused.

Kammerlingh Onnes then found a source of helium from monazite sands (
containing thorium) in the USA. As it turned out, the helium that Dewar used
contained other gases that had to be removed, causing delays for Dewar.

* Foreshadowing: You will see later in this course that contamination in helium is
a leading cause of problems in He cryogenic systems.

In 1908 Kammerlingh Onnes was the first to liquefy helium



A “Killer App”

With the ability now to reach 4.2 K and lower,
Kammerlingh Onnes started to investigate material

properties at these very low temperatures. One of
these properties was the resistance of metals as a

function of temperature.

When Kammerlingh Onnes looked at the resistance of
mercury as a function of temperature he found that at
just above 4.2 K the resistance dropped to 0. He had

discovered superconductivity (1911)

This was both a major discovery and in effect a “Killer

App” for liguid helium

To this day, most of the motivation for LHe cryogenic
systems is to provide cooling for superconductors.
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* He established a school for instrument makers (which
still exists) at Leiden to provide experts to build highly
accurate equipment for scientific research

* Many of the features of his lab organization
including:the need for a large group of people with a
wide range of skills, including highly skilled technicians;
linking of experimental efforts with current theory; and
open collaborations and communications are found in
”Big Science”: labs such as CERN or RAL

* He created a scientific journal “Communications from
the Physical Laboratory of the University of Leiden”
which described the results of work at the laboratory
to the broader scientific community.

* Generally considered the first person to use the word

11

“cryogenics” in print



Some More Milestones G@

e 1895 Development of the Linde-Hampson air liquefaction machine that permitted
continuous air liquefaction

* Development of air separation techniques by Karl Von Linde, George Claude and
others lead to the multibillion dollar industry in air separation and industrial gases

e Advances in rotating machinery such as turboexpanders and cold compressors
leads to better, large-scale cryogenic refrigeration plants

* |Invention of the NMR technique and its application to medicine (MRI)

* Development (driven mainly by aerospace and military applications) of small,
reliable cryocoolers

* Use of LH, and LOX as rocket fuels

12



Some More Milestones C@

1946 - Development of the Collins liquefier greatly expands availabilty of LHe
temperatures in laboratories

* Advancements in the materials for and design of superconducting magnets and
superconducting radiofrequency systems

e Use of LNG for transportation and storage of natural gas
e 1986 — Discovery of High Temperature Superconductors

* Note the push — pull effect between innovation and application. Innovation opens
up new applications while required applications drive innovation.

13
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A Tour of Cryogenic Systems Today



Superconducting Magnets in Research:
CERN - More than 2000 S/C magnets C

operating at 1.9 K




Superconducting Magnets in Research: (3 eunovean
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CERN &

2007 LHC >2008 - LHC @ CERN Point 3
7 14 TeV | Point 4 "
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8 Plants each with

18 kW @ 4.5 K . e
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Total He inventory
120 metric tonnes

.16




Superconducting Magnets in Research:
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Superconducting Magnets in Research:

ITER Cryogenic

: ]| North West
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Shaft | * Bl Level
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B2M Level

B2 Level
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Superconducting Magnets in Research:
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| Bridge
| Termination Cold Box

| LHe Plant Cold Box

o | Compressors: 80K Loops |

[Compressors: Recovery | ™. | Compressors: LN2 Plants |

From: ”ITER Cryoplant
Infrastructures”

E. Fauve et al.

ICEC 2016
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Superconducting RF in Research:
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ESS Cryogenic System Overview

Linac

Cryoplant
Cryogenic E Cryogenic Distribution Line (310 m)
Transfer E comprising 43 valve boxes
Line (75 m) E / Auxiliary process lines
= Endbox
Splitting
Por AEENNNNEN
21 High Beta 9 Medium Beta 13 Spoke
Cryomodules Cryomodules Cryomodules
(174 m) (75 m) (54 m)

Superconducting section of the Optimus Linac (303 m)
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Superconducting RF in Research: ﬁ
ESS Elliptical Cryomodule Components

Cold tuning
System

Space frame

5-cell elliptical cavity

5 . , Py o | e ! § Diameter

7z

Figure 4.120: Helium vessel with hanging rod

June 2018
TTC@DESY - C. Darve - 24/03/14




ESS Cold Boxes
Accelerator Cryoplant (Right) 3 kW @ 2 K
Target Moderator Cryoplant (Left ) 30.3 kW @ 16 K
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Superconducting RF Accelerators @

Are Very Popular
R 7 S T L P

CEBAF Electron Linac JLab 4.2 kW @ 2.1 K Operating
12 GeV Upgrade Electron Linac Jlab 2.1 42kW @ 2.1K Operating
ESS Proton Linac ESS 2.0 3kW @ 2 K Operating
SNS H- Linac ORNL 2.1 24kW @ 2.1K Operating
E Linac Electron Linac TRIUMF 2.0 288 L/Hr Operating
S-DALINAC Electron Linac TU Darmstadt 2.0 120W @ 2.0K Operating
ERL Electron Linac Cornell 1.8 7.5kW @ 1.8 K Proposed
XFEL Electron Linac DESY 2.0 25kW @ 2 K Operating
5-8 4kW@ 5 -8 K
40-80 26 kW @ 40-80 K
ATLAS Heavy lon Linac ANL 4.7 1.2 kW @4.7 Operating
LCLS II Accelerator SLAC 2.0K 8kW @2 K Under
30.6 kW @ 35-55K construction
2.6 kW@ 4.5-6K TESLA Tech
ISAC - Il Heavy lon Linac TRIUMF 4 Operating
FRIB Heavy lon Linac MSU 2.1 3.6kW@ 2.1K Operating
4.5 45kW @ 4.5 K

33/55 20 kW @ 35/55 K



Particular growth in the use of SRF
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electron linacs as FEL Drivers

* These operate at 2 K

 Many use the TESLA style cryomodules originally designed for
the International Linear Collider project

24



He Il Cooling in SRF is Very Popular
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e ] ]
as of June 2023

LCLS Il USA

FRB_ IS
GECTYR south Korea

S-DALINAC Germany

CBETA USA

MINERVA Belgium
CIADS China

FEL Driver

FEL Driver

FEL Driver

FEL Driver

FEL Driver

FEL Driver

Electron Linac for Nuclear Science
Proton Driver for a spallation
neutron source

Proton Linac for a spallation
neutron source

Proton Linac for high energy
physics

Heavy lon Linac

Heavy lon Linac
Electron/Positron Collider for High
Energy Physics

FEL Driver, Nuclear Physics &
Accelerator R&D

Test Accelerator

Proton Linac for Accelerator
Driven Reactor

Operating
Operating
Operating
Under Construction

Under Construction

Proposed
Operating
Operating

Beam on dump in
Spring 2025
Under Construction

Operating
Operating
Proposed

Operating

Operating
Under Construction

Proton Lingesfer Apgheiiang Universityynder Construction

TESLA Technology
TESLA Technology
TESLA Technology
TESLA Technology
TESLA Technology
TESLA Technology

TESLA Technology
Extrapolation of

TESLA Technology
TESLA Technology
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ules in the 1.7 km linac
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LCLS Il Cryomodules installed in SLAC EE:E’:;ET‘.‘SN

Tunnel ( 37 Cryomodules)
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SHINE (Shanghai) (3 eunovean
Figures courtesy of Jiuce Sun

e —— e

Blrd view of SHIN Et LY Shanghai Advanced

t:ff e 8§ TF QM
Shangha/ Synchrotron
A 1 Rad/at/on Facility(SSRF) §

| Research Institute

2 sets of 4kW@2K cyroplants 1 set of 4kW@2K cyroplant (for SHINE facility)
(for SHINE facility) 1 set of 1kW@2K cyroplant (for SHINE test facility)




Construction of First SHINE cryomodules =
Sﬁﬁ;%’?“”

Uses essentially the same design and tooling
7 designed in TESLA Project

>
&

ol P
s

v
‘ ARk
v =

B Y <
1T —n;l_:'v,
17/ B vy AR




S3FEL Cryomodules ( ~ 35 required)
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(Figure courtesy of X.L. Wang)

- -
2 CM Technical Requirements IAJQﬂ BARSnTE
Main Cryomodule (CM) & Cavity parameters
Type of CM 1.3 GHz CM 3.9 GHz CM
Number of CMs 30 5
Cavities per CM 8 8
Operating temperature 2K 2K
CM heat load 110 W@2 K 150 W@2 K
RF frequency 1300 MHz 3900 MHz
Average CW operating gradient 16 MV/m 14 MV/m 1.3 GHz CM (30)
Voltage per CM 133 MV 38.75 MV
Cavity active Length (L) 1.038 m 0.346 m
Cavity average Q, 2.7x1010 2.0x10°
Cavity R/Q 1036 Q 760 Q
Cavity tuner (slow) 250 kHz 750 kHz
Cavity tuner (fast) 1kHz 1 kHz
Fundamental mode CP 38 kW 0.7 kW
Fundamental mode coupler Q. 4.1x107 23x107
HOM Monopole R/Q 175Q /
HOM Dipole R/Q 3x10° Q/m /
HOM damped Q value <108 <108

3.9GHzCM (5)

21
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Dalian Advanced Light Source (DALS) coovean

(Figure courtesy of X.L. Wang)

B Dalian Advanced Light Source (DALS)

x}] FEL-2: HGHG/SASE /5
, | (30-180nm) _ ey
[l o CIETIN SS ENEIEN I £0d Staticr
/ [H] | HD /o /A EEE—— End Station |
//' I (A7 0nen N2 747 53| “rremx=2 79783 T
/ FEL-1: EEHG/SASE/ 55
: “ 65-400m
B civerlsecdianer [ Hestertaser g, " ! toaryy o T ——— / [HI TIn T CEIEIE SS SNNEIN) (6.5-400m) RTINS
(H] 1 /T N Em /o /S B i Station |
@ / ! P—— o ke 95008 [
’im ; 1l + Il | kL) /
/1 I 1N\ I i T
a_ L R H] > = ol [:,-,m/ YH] UL 7 !
108mev, 128, 305 =, TaNeY, 214,9.352 m%wum.mk mw.impsm \\ m @ FEL-3; EEHG/SASE/SS
Injector LH L1 HL BC1 L2 BC2 L3 Dechirper | ¢ t 6.5-40nm)
il || |oo| ooon ss oo i B End Station |
A 17 n:_/ A\ amm \—/ aonn ™ - — Mﬂ
FEL-4 HG/SASE/SS
- ’ \:'-"l".'{"nl ‘
ol om | omw s mmmm ) —
‘T o /" oy ./ I - I Erd Station |
A\ t
b

Newly proposed by DICP and subject to central government approval

High repetition rate EUV FEL based on CW SRF accelerator (1.0 GeV)

Ten 1.3 GHz Cryomodules and two 3.9 GHz Cryomodules &

One dedicated cryoplant (~ 3 kW @ 2 K)
Budget: 30 billion CNY
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Air Separation and Distribution is a EE:&:ET’.‘SN

Multi-billlion Dollar Industry World-wide

E Alr compression H Al cooling and purification B Cold production and internal product compression B Cryogenic rectification of air H  Cryegenic rectification of argon
[=]
Coldbox

(o]
Crude argon
column

Air booster }'{
Y 1]]]]]ﬂ
Coldbox Heat
exchanger Low-pressure >-::::
Molecular sieve n SR
unit
L
Expansion / Pure argon
turbine
reboll || D column |
Sub-
- a
Evaporation cooler woler 7]
FAVAN [
cooker A% A e N . | B
~€ —

oﬁ <_ Cryo pump for QASEOUS DXYGEN
\::——/ \::——./ int, compression v
QXSE0US Nilfagen

B
Pressure liquid oxygen
Water pump Cryo pump for column
int. compressien liquid nitrogen
() LAR | lquid argon

Courtesy Linde
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Air Separation and Distribution is a EE:E’:;ET‘.‘SN

Multi-billlion Dollar Industry World-wide

Linde Air
Separation
plant for
N2 for
enhanced
oil
recovery

17,500 t/d
N2

Built for
Pemex
( Mexico)

Courtesy Linde




Space Cryogenics

* Space exploration has been a
major driver of cryogenic
technology. Aspects include:

Propellents: LH,, LOX,
Methane

Sensor cooling including down
to mK levels

Storage of Cryogens for Long
Duration missions (improved
insulation, ZBO)

Increasing us of cryocoolers

EUROPEAN
SPALLATION
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il

Ariane 5 Cryogenic Main Stage 34
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Space Cryogenics: Sensor Cooling

Planck

Surveys the structure of the cosmic
background

Requires temperatures down to
100 mK

Uses only mechanical coolers |

Sorption ( 20 K), JT (4 K) and e Rkt
dilution refrigerator (100 mK) e —

No tanked cryogens

Herschel
IR observatory similar to Spitzer
Requires temperatures down to 300
mK
Contains 2360 L of He Il (1.6K)
3He Sorption cooler provides 300 mK
temperatures

35



EUROPEAN

Magnetic Resonance Imaging (MRI)

SOURCE

» Certainly the most common use
of superconductivity

« Magnets operateinthe 1 -3 T
range cooled to roughly 4 — 5 K

» System Aspects

* Very low loss cryostats
increasingly with
mechanical recoolers

* High reliability

« Use of cryogenics is not
obvious to staff or patients

* Very competitive market
with most information
proprietary 36




Cryopumping

EUROPEAN
SPALLATION

SOURCE

Cryogenic temperatures can be used to freeze out gases and provide very clean
vacuum spaces. This is a significant application in semiconductor processing

typically using Gifford — McMahon cryocoolers at < 80 K

Other applications include cryopumping of the ITER plasma space

Pump casing
Charcoal coated
cryopanels

Eront f
ront flange actuator

N ’ Pneumatic valve

radiation shield

Valve head
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Energy: LNG

@

* LNG permits
efficient long
distance —

. a1
transportation of i

natural gas from e
suppliers to
consumers

LNG can also be
stored to address
peak use
requirements

LNG is another
very large scale

use of cryogenics 130 000 m?3 LNG carrier with double hull
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Energy: LNG as a Fuel seLaron

Tark Storage Foom
Ta Var
(TR Vant Line | T e ———— | Tank Conrecting Space
o |
|
Tank safe | - :;5\.-'-
-:m'mrr I —;— I -L.___ Bunkaring Line
Syabom : H I salety and vant
] = d : J : aYEIam

LMG Tark I
g 2 FOIED)

Gaab 10 engine

F
= kP
| |

Schematic of a Proposed LNG System for a Maritime Ferry
M. Chorowski et al.
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Energy : Hydrogen as a Fuel

—

Efforts are underway to develop hydrogen as a fuel via either combustion
engines or fuel cells

This has driven new hydrogen system designs and improved hydrogen
liquefiers

= :
[
Proposed LH,

— S
o

; B0njoue
au\l’j» |
e — = e Filling station
.—~—? S T — Wl & -
: (TOTAL)

]
I - . <
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LH, is Also Used in Research spaLLATON

TS2 cryo plant

2 x Helial 1000 fridges

Hydrogen cold box with BNI circulators
42



Quantum Computing %

* Quantum computing is a exciting field of research these days.

* Quantum computing is not just faster computers but rather an entirely
different approach to computing using Qbits which allow quantum effects such
supersition and entanglment. The result can be extremely powerful computers
suitable for:

 Complex simulations — drug development, basic physics studies, materials
development

* Cryptography
* Search and optimization process for finance, logistics etc
* Machine learning and Al

* Quantum Computing research is carried out in both large firms (i.e. IBM,
Google) and many small startups

43



Quantum computing uses cryogenics
for:

e Creation of some type of Qubits
using superconductivity ( mk
operation)

* Reduction of thermal background
noise even for none S/C Qubit
approaches ( 2 - 4 K ) operations

This represents a significant growth
area for cryogenics.

* Cooling approaches include
dilution refrigerators, ADRS and
large scale 4 K refrigerators.

* Extremely low heat leak cryostats
are also required

EUROPEAN

SPALLATION
SOURCE
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The World of Cryogenics on One Slide
(Courtesy of R. Radebaugh)
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Summary

* Cryogenics is an enabling technology for many aspects of the modern world

* A wide range of cryogenic systems exist at different sizes, temperatures and
working fluids

 The fundamental aspects of cryogenic engineering, learned in this class
underlie all these different cryogenic systems
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