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Outline — Cryogenics ﬂ("‘

® Introduction
® Cold production

® Cryogenic Properties
® Cryogenic fluids
® Material Properties

® Cryostats

Dewar vessel
Thermal Insulation
Cern
Temperature measurement Source:
Flow measurement

Safety
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Introduction ﬂ("‘

stitute of Technology

® Cryogenics -> Greek: production of freezing cold

® Cryogenics -> Refrigeration at T<120K (definition since
1971)

® Cryogenics <-> Cryonics= preservation of the human body
In LN2 after death

Source: Source:

http://www.dailygalaxy.com/my_weblog/ http://theinfosphere.org/images/cache/enwik
2007/10/experimental-tr.html i/f/fd/Cryogenic_Freezing_Chamber.html
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Introduction ..\\J("'

Karlsruhe Institute of Technology

® Applications:

® Condensation & liquefaction of gases
® Air separation
® Transport
B Storage

B Reduction of thermal noise and excitation
W Particle accelerators
W Particle detectors

B Others
® Food Freezing
® Space flight technology
® LH2 technology
® Medical applications
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Cold production (Basic) ﬂ("‘

A _ ® Basic principle:
pressure heat transer to environment _
D ® Compression
® Heat transfer
to ambient
® Throttling/
expansion
® Heat load at
low
temperature

penvironment l

heat load at low temperature

T,<T, I

T

>

environment tem perat ure T

Source:
H. Neumann, ITEP, KIT, 2013 ESAS Summer School
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Cold production (Refrigeration Cycles) -\\-‘(IT

® Joule-Thompson-Process
(Linde)
| Simple, reliable
® Low efficiency

2013-10-17 C. Heidt- Introduction to Cryogenics,
KSETA Workshop Freudenstadt

re-cooler

compressor

heat exchanger

X Joule-Thompson
valve

4@7

evaporator

Source:
H. Neumann, ITEP, KIT, 2013 ESAS
Summer School
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Cold production (Refrigeration Cycles) -\\A(IT

re-cooler
® Joule-Thompson-Process (Linde) compressor
® Simple, reliable
® Low efficiency
B Claude-Process
® Higher efficienc
9 y Linde

W Expansion of partial current for extra
cooling

® Less reliable

® Stirling Process

heat exchanger

® Compact

: : Joule-Thompson
® No liquefaction valve P

evaporator

CA

H. Neumann, ITEP, KIT, 2013 ESAS Summer School
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Cold production (Refrigeration Cycles) IT

Karlsruhe Institute of Technology

® Example: 2kW helium liquefier at ITEP

[Shield cooli
1 kW at b T Expansion Turbines
60Kto 76 K | V Screw Compressors
~1 — A W Heat Exchangers
T K% T T1 oty (12
V3 S | >
/200 g's; 200 K ; 7 1 ] _45K: 4 bar
1 -4 il = Lot e 3 ﬁ_ = v | | oo v ]
= AT N AL
( o By |
! \ |
‘He-gas 1 | K
! buffer Q gt 1188 ] AN
g 3 g g § g g 8 ' {5Ksub- |
V2 . = = = = = = = ol
— g cooler y
L /__,»\\ - 3165 g/s o = s _4__{5*;(_ - I
L___ / 1.04 bar ‘ tank (10 m’) 1.2 bar
)
¢
{' “\3sgs || il , & o | =
/ 0.31 bar )
9 g/s; 1.1 bar, 290 K
Source:
ITEP Homepage
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Cryogenic fluids

® Vapor-pressure curves

AT

Karlsruhe Institute of Technology
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H H H Source:
Cryogenlcs Ref“geratlon H. Neumann, ITEP, KIT, 2013 ESAS
120 K Summer School
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Cryogenic fluids (Helium) AT

Karlsruhe Institute of Technology

B Specifics of helium

. % melting curve
® A -line separates 30
[bar]

W LHel pzs

® LHe Il (superfluid) 20 line

® Very high thermal Ie He-|
conductivity 10
® No boiling 5

® Onnes-effect 0 Rl

00 10 20 30 40 50 60
T[K]

Source:
Wikipedia ,Helium*

Source:
\_/ H. Neumann, ITEP, KIT, 2013 ESAS
Summer School
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Material Properties

B To take Iinto account:
B Heat conductance
W varies with decrease in T

® Thermal contraction
B different contractions of different materials

B Mechanical characteristics
B elastic limit and modulus increase ©

Source:
K.Weiss, ITEP meeting 2012

® ductility and plasticity decrease dramatically -> brittleness ®

® Consult AD 2000-W10 for materials at cryogenic
temperatures
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Cryostats (Layout)

B example: LN2-vessel with integrated pressure generation
manometer

«safety valve
level ipdicator pressure
4 a—=—s—controller
pressure generation

/Hﬂﬁ e valve
]\'\ filter

burst disc

ressure discharge .
\F/)alve J charging and
extraction valve

burst disc for
vacuum vessel

copper shields with _LN,-vessel

superinsolation

Institute for Technical Physics
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Cryostats (Insulation)

B Types of thermal insulation

B Powders, foams,
fibreglas,...

® Vacuum Insulation

» MLI (Multi-Layer-Insulation)
or Sl (Super-Insulation)

» high vacuum (prevents
convection)

» reflecting layers, e.g. Al foil
(reduce radiation)

» spacer elements,e.g. glas
fibre (have low heat
conductivity

13  2013-10-17 C. Heidt- Introduction to Cryogenics,
KSETA Workshop Freudenstadt

AT

Karlsruhe Institute of Technology

Source: V. Chrz

http://indico.cern.ch/getFile.py/access?sessionld=3&resld=0&mate
rialld=0&confld=90787

Cryostat without superinsulation

5 10 15 20 25 30 35
t, s
Source:
Lehmann/Zahn, 1978, Proc. CEC

Institute for Technical Physics
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Cryostats (CERN) AIT

||||||||||||||||||||||||||||||

® Example: CERN, the largest
cryogenic system in the
world
® 36,000 t of SC magnets (NbTi
wires) operate at 1.9 K

® Need of 136t of helium
(superfluid below 2.17K, very
high thermal conductivity ->
efficient heat conductor)

® Closed LHe circuit, 27 km long

® Entire cooling process takes
weeks to complete

Source: Cern website
http://home.web.cern.ch/about/engineer

ing/cryogenics-low-temperatures-high-
performance

2013-10-17 C. Heidt- Introduction to Cryogenics, Institute for Technical Physics
KSETA Workshop Freudenstadt Institute of Micro- and Nanoelectronic Systems



Cryostats (CERN) ﬂ("‘

® 8 units in the complete system
= W Each cryoplant consists of 3

stages

1. RT->80K
using 10,000 t LN2 in HX (600
kW)

2. 80K->45K

using refrigerator with cooling
capacity of 18 kW at 4.5 K

Compressor unit of the 4.5 K refrigerator 3. 45K ->1.9K

using refrigerator with cooling
capacity of 2.4 kW at 1.8 K

Source: Cerncourier
http://cerncourier.com/cws/article/cern/5
4382
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http://cerncourier.com/cws/article/cern/54382
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Cryostats (Temperature Measurement) -\\J(IT

B temperature measurement
® |ow temperature sensors (secondary temperature sensors)

B resistive sensors

B negative temperature coefficient (NTC)
carbon - glas sensor (CG)

Cernox (CX1050)

carbon sensor (Allen Bradley C100 )

germanium (Ge)

carbon composite (TVO)

B positive temperature coefficient (PTC)
B platinum sensor (Pt100)

® rhodium - ferric - sensor (RhFe)

diodes others
Si - diodes thermocouple (CuKo)
GaAlAs - diodes CLTS (Cryogenic Linear Temperature Sensor)
capacity thermometers
(by M. Sul3er)
16  2013-10-17 C. Heidt- Introduction to Cryogenics, Institute for Technical Physics
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Cryostats (Temperature Measurement) ﬂ("

Karlsruhe Institute of Technology

B Characteristic curves of resistive sensors
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NG " | 10000 }—AN———+—— |===CX-1050 |__
N = N =
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_—ow |
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o
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e TVO -
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Source: M.SuR3er, Einfuhrung in die
Tieftemperaturmesstechnik

17  2013-10-17 C. Heidt- Introduction to Cryogenics, Institute for Technical Physics
KSETA Workshop Freudenstadt Institute of Micro- and Nanoelectronic Systems



Cryostats (Temperature Measurement) ﬂ("‘

®TVO B Cernox

® Carbon- Al,O; Compound ® Zirconium-Nitrit-film on
m Calibration at ITEP saphir body
® Costs ~ 400 € ® Lakeshore

® Able to work under high ® Costs ~650€
pressure and stress

Source: M.SuR3er, Einfuhrung in die
Tieftemperaturmesstechnik
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Cryostats (Mass flow measurement) ﬂ("

B Mass flow measurement

System Einsatzgebiet MessgroBe
1 [ Thermischer Prozesssteuerung qg~AT
Y i
N ~— .. Durchflussmesser
\_ ) Laminarflow- Prazisionsmessung q~ AP
\ l«  element
I'inlaulh‘(‘ﬂ?l(:h minare Stromung
:31’ Pr/essurelap . . .
b FETT = Venturi-Rohr Me;sung bei flissig g~ /Ap
—_— 5 Helium Temperatur
Source: M.Schrank, DKV-Tagung 2012
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Cryostats (Safety) = e

B Safety standards:
® DIN EN 13648
® ENISO 4126
® AD 2000
=

To come: DIN SPEC
4683 ,Uberdruck-
Absicherung von
Helium-Kryostaten®
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sSources -\\A(IT

Information on Cryogenics:

® H. Neumann, ITEP, KIT, Talk at 2013 ESAS International Summer School oh Materials and
Applications of Superconductivity, 1st August 2013

®  M.Schrank, Introduction to cryogenics, Vortrag beim Young Scientists Workshop 2013, Kristberg

Information on Dewar vessels and MLI:

a V. Chrz, Chart Ferox,
http://indico.cern.ch/getFile.py/access?sessionld=3&resld=0&materialld=0&confld=90787 Information
on Cryogenic Measurement

Information on CERN Cryogenics :

®  http://cerncourier.com/cws/article/cern/54382

®  http://home.web.cern.ch/about/engineering/cryogenics-low-temperatures-high-performance

Information on Cryogenic Measurement

® M. SiuRer, Einfihrung in die Tieftemperaturmesstechnik, Interner Bericht FE.5130.0013.0012/N

® M. Schrank, Gasdurchflussmessung in der Kryotechnik, Vortrag bei der DKV-Tagung 2012, Wirzburg

Information on Helium Cryogenics Safety

® W.Lehmann/ G. Zahn, Safety aspects for Lhe cryostats and Lhe transport cpntainers, Proc. ICEC,
London, 1978, Vol. VII, 569-579
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Outline — Superconductors -\\-‘(IT

® Phenomenology and electromagnetic description
® Classification
® Theory of superconductivity

® Applications of superconductors

23 2013-10-17 Tutorial: Cryogenics and Superconductivity Institute for Technical Physics
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Discovery of the superconductivity =% .

015
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Temperatur ——

m 1908 Liquefaction of helium
experiments at 1.5 K
m 1911 Discovery of superconductivity in mercury

http://www.nobelprize.org, http://hoffman.physics.harvard.edu
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Characteristics of Superconductivity

m 19§3 I\/IeisBsner effect

T>TC

T<TC

25  2013-10-17
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Stromdichte

Al
o ey
s o &
T,
L H o
http://en.wikipedia.org

Institute for Technical Physics
Institute of Micro- and Nanoelectronic Systems




London equations AT

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

® Behaviour of electromagnetic fields in

superconductor:
® 1st London equation: % = L > E
dt  u A

. ot j. =— B
® 2nd London equation: Js P

P
® London penetration depth: ne?
HpllCs
26  2013-10-17 Tutorial: Cryogenics and Superconductivity Institute for Technical Physics
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Meissner effect

4th Maxwell equation

js=ir0t|§

AT

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

2nd London egaution
1 -

rot . =— B
) ,Uo/iz

v

1 : ézirot rot B
Mol Ky

rot rot B = grad div B—AB

- 2nd Maxwell eq.:div B =0

> |B(x)=B,e

—_ 1 —_
—> | AB-——B=0| i
A
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Critical current density

J. ()= 1 rot

LR —> Screening current
m > —> break down of SC

28  2013-10-17 Tutorial: Cryogenics and Superconductivity
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Classification — Type-l superconductors -\\J(IT

® Phase diagram in B,T-plane:

—
=
m
=
)
L
- —
) @
L -
2 | pree)
E o =
o A
@
0 2 4 6 8
- Temperatur 7/ K
~  B(T)=8.(0) 1_(T/T j
C
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Classification — Type-Ill superconductors ﬂ("‘

® B < B_;: Meissner phase
W B., <B < B_,: Shubnikov phase
W B_, <B: break down of SC

B} \
M )
(]
/I !
|
|
!
|
Meissner - > :
I
Phﬂse B C1 ---------- ! l 1 £
NS B B B B
1
T T ¢l Pc c2 Q
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Classification — Type-Ill superconductors AIT

W B., <B < B_,: Shubnikov phase
@ Vortices carry magnetic flux
® Magnetic flux quantum @,
® Movement of vortices 2 Ry
B Defects = Pinning sites D

Abrikosov vortex lattice

2013-10-17 Tutorial: Cryogenics and Superconductivity Institute for Technical Physics
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Classification — High temperature SC ﬁ("

® 1986 Bednorz & Miiller o oy o -
® Ceramics (> (b
Cuprates: YBa,Cu,0-_, O ! @® Cb
mT >77K ; :
Liquid nitrogen or cryogen free cooling %% L
Maximum: T, ~ 135 K Ny
® Lack of theory E .
| ,Ba
C;) ® | O
C> L__-_gg__ _Cu
1O p’ 1

32 2013-10-17 Tutorial: Cryogenics and Superconductivity Institute for Technical Physics
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Classification — ==N11K

Material T, (K) B (T)

Al 1,19 0,0099

Type-I SCs |Hg 4,15 0,0412
Pb 7,2 0,0803

Nb 9,2 0,27

Ta 4,39 0,18

Type-dl S5Cs Nb,Ge 23 30
PbMo,S, 15 45

HTse | YBa.CusO, 93| 30 bis 60
Te,Ca,Ba,Cu,0, 135| 100 bis 120

33 2013-10-17 Tutorial: Cryogenics and Superconductivity
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BCS theory (1) -\\J(IT

® London equations: electromagnetic, phenomenologic
® Ginzburg-Landau theory: thermodynamic, phenomenologic

® Quantum mechanics? LA I— Hg'%

transition temperature

® 1957 Bardeen, Cooper, Schrieffer 417 asafunctionor

] ] isotopic mass.
® Postulation of Cooper pairs

B Attractive force between
2 electrons

1

+
i
T

Te (Kelvins)
"

+
i
T

T, oc ——
C / M 413
. 412
M — atomic mass 0700 0704 0708 0712
| A A
http://hyperphysics.phy-astr.gsu.edu
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BCS theory (2) A{]]

ttttttttttttttttttt f Technology

® Postulation of Cooper pairs
® (k,7)and (-k,]) = spin and momentum zero
® Bosonic macroscopic state i
i W =N - e’

® Binding energy of Cooper pair: 2A
® No DC resistance below excitations of 2A

1.0
0.8+
0.6
0.4

0.2

0 i ] ! ]
0 02 04 06 08 10

T/Tc ——

A(T)/ALD)
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Flux quantisation -\\A(IT

, S

¢ =1d _ Stokes

— 1 h/2e w uniformly
continuou

]:ng /I / — _.// 555

no current §A S = I
A

R Inside the ring
\ § 1ds=0
§grad pds=2xzn

— > CDA:%Sn:nCDO

®, = h/2e = 2,0678 1015 Tm?
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Josephson devices

® 1st Josephson equation

ISOLATOR

Tunneleffekt

® 2nd Josephson equation

dt D,

. =1, -sin[z—ﬂu -t+7/0j —>
(I)O

37  2013-10-17 Tutorial: Cryogenics and Superconductivity
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,AC Josephson effect”
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Summary of superconductor basics ﬂ("‘
® Ry = 0 & Meissner effect —

R (Q)

[H—
(o]

@ Critical values: T, J., B, ke R

B

® Type-l & Type-ll SCs

® BCS theory: Cooper pairs
W =4/

® Flux quantisation

® DC and AC Josephson effect

38  2013-10-17 Tutorial: Cryogenics and Superconductivity Institute for Technical Physics
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Quantum electronics: Voltage standard ﬂ("‘

® AC Josephson effect

y

@ hf

,Inverse Josephson effect”

O,
(ij) hf

K, o= 2— =483, 5979%
h mV
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Quantum electronics: Single Photon S(IT
Detection

Timing Maximum Energy

count rate  resolution
(<=1 FIANE

Thermalization of
quasiparticles and
hot-spot formation

Hot-spot diffusion and
superconductivity suppression

Current density is Resistive region is

above the critical Normal region formed across the film

Mag= 20.04 K X is formed

HEB (T 4 e

STI (T = 0.2K) [11,
TES (T =0.1K)[17

40  2013-10-17 Tutorial: Cryogenics and Superconductivity Institute for Technical Physics
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Ultra-fast THz detection with YBa,Cu;0-_ ﬁ(".

® Coherent Synchrotron Radiation
bunch lenghts down to 1 ps

hw
Elgctrj(zns }\ 00— < 301 - - - - Gaussian fit | -
e te @ Tee @ ' é
E & 20 -
_ 100 m —
Tep™ 1.2 ps . 2 % TFWHM_]'? PS
< O 50
- g 8 = 10 -
E 2 s
Phonons @D, @D & 8 S
C T @ 8.50_ *E N> ----A-
prop D 8 a a 99 ]
B 01— T T T T T T T T T T T T T T T
g 25- I -40 -20 0 20 40 60 80 100
Tes © '
a) Time (ps)
O_ T T T
Substrate 7}, 0 200 400 600

Time (ns)
M. Klein, Studies of Bunch Distortion in the Generation of Coherent THz-Radiation at the ANKA Storage Ring, DPG 2009
A.D. Semenov, G.N. Gol‘tsman, R. Sobolewski, Supercond. Sci. Technol. 15, R1 (2002)
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Magnetic Levitation Systems -\\-‘(IT

'“““ _&\ M o

http://en.wikipedia.org
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Low-loss power cables ﬂ("‘

Cable core
i N\ Rchu’:scncm

.- " ~‘t. g TV -4 .. J ~" ~ . | "

Albany in NY !3 R TR /t‘ '4{‘,' 74 8a.Cu0O

¥ MENANDS ,?‘uv [;}
*)

fm “"" .-a.. - ’
B, & oy L OH line

% -

- Cable
Liquid Cryostat
Nitrogen
Return \

Liquid Dielectric
Nitrogen

Inlet ‘
y --\'-l\\\i\ ﬂ i i

Phase L1 Phasel2 Phasel3 Neutral
Conductor

735 Y L LA RS
R RIVERSIDE
" i ad

T. Masuda et al., High-temperature superconducting cable technology and development trends
http://mww.nexans.de, http://www.itep.kit.edu/66.php
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Superconducting Colls ﬂ("‘

& -

R b R e

tp://en.wikipedia.org, http://www.iter.org/mach/magnets, http://lhc-machine-outreach.web.cern.ch
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HTS Fault Current Limiters ﬂ("‘

2013-10-17

Primary VWinding

Load
.
CB

Superconducting
Secondary

Marmally
Closed

Bi=modal
Superconducis
element

F. Mumford, Inductive and Resistive HTS Fault Current Limiters: Prototyping, Testing, Comparing
http://www.amsc.com, http://www.itep.kit.edu/21.php
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Thank you for your Attention ﬂ("‘

Great thanks to H. Neumann, M. Sul3er, M. Schrank
and to C. Kaiser, M. Meckbach
for their contribution to this talk
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Natur der anziehenden WW QAT

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

Zwel e stol3en sich eigentlich ab (Coulomb-Kraft)

Im Festkorper:

* Durch Atomgitter kann effektive Anziehung entstehen
 Erklarung 1: Austausch von virtuellem Phonon
 Erklarung 2: Polarisation des Gitters

* Bindungsenergie im meV-Bereich
—> Cooper-Paare kdnnen nur in FK auftreten!
—=> Beleg fir Rolle des Atomgitters: Isotopieeffekt:

T.~ M2 M =Atommasse
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AT

Bildung der Cooper Paare in einem Kristall —  ==.% it

® Das 1. Elektron zieht die positiven Atomrtimpfe
zusammen. Das Elektron bewegt sich schneller als die
Atomrumpfe, es bildet sich eine lokale Polarisation die das
2. Elektron anzieht

® ® ® ®® 00>
®® ® e

@ N K | 0 ° @

” ) Elektron Qitter
@ Elektr(:n @ @ We(ggzz\:\g:;ung
R R NN N

Pos. Geladene
Atomrimpfe
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HF-Eigenschaften ST

L R
Hochfrequenzverhalten von SL: o
« Zwel-Flussigkeits-Modell __L-__
S

a) CP: haben Masse, d.h. Tragheit
—=> Mussen beschleunigt werden — L, # 0

o
o

b) Quasiteilchen (QT): R, L,
=> Je mehr QT, desto héher R

n

* Frequenzen hf > 2A:
(Fast) wie Normalleiter

reduzierter Hochfrequenzwiderstand ”/n —
trd

—> Vortrag von Herrn Brengartner! ;

reduzierte Temperatur r/rc —_—

50 2013-10-17 Institute for Technical Physics
Institute of Micro- and Nanoelectronic Systems



YBCO THz measurements at ANKA, MLS and

UVSOR-II ﬂ(IT

Karlsruhe Institute of Technology

THz beam line

~“1~"" Cryostat
Detector
3 block
off-axis e
mirror | ~ 63 GHz
65 GHz | 2% —— “»—  Agilent
e’ Oscilloscope
Amplifier
Bias Ly
Source E

EREE

L‘, IMS-KIT &5
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Quantum electronics: SQUIDs ﬂ("‘

® Superconducting QUantum Interference Device
® Josephson junction in magnetic field

y

Ve f.éa/iév/?//

X 5 K
—
—
T s
R
ri
Fourier
y
-a/2 +a/2
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s =1 'Si”(Vo)-si(nq)AJ

kls
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Quantum electronics: SQUIDs

AT

ttttttttttttttttttt f Technology

® Superconducting QUantum Interference Device

. =Il.siny, +1.siny,

| :ZICcos(yl_yzj-sinﬁylﬂzj
2 2

}

—> 7/2—7/1:272-n+27z&
CI)0
| :2lccos(7rCDFj-sin 7/1+7z&
| ®o ) O,
! f
I y

. =1.-Siny

—
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Cold production (Basic) ﬁ("

® Basic principle: oo
®m Compression Qa
B Heat transfer to ambient
® Throttling/ expansion
® Heat load at low temperature

® Carnot:
® I|deal process (best q,/w)
iauid vi ‘neod \oack
® Liquid yields problgm for 9% Lon
compressor & turbine “Reperodust.
v TA
Vi /A
r—cm&/
-~ 3
|Ccmpr, TCo&’q,”“ e \
Clausius % \ NN L
Carnot _ A x@a
Rankine AQRRBE NN
T i o \‘ :
(e} TQ “\\ :‘\b |A
s\\\ \ ! >
\ S
9o
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Cold production (Refrigeration Cycles) ﬁ("

B Claude / Linde-Process

I A
gy =COnSh
I BRSO i 4Omb\w)
Linde

55  2013-10-17 C. Heidt- Introduction to Cryogenics,
KSETA Workshop Freudenstadt

re-cooler

compressor

2 1

1

heat exchanger

Joule-Thompson
valve

evaporator
A

Source:
H. Neumann, ITEP, KIT, 2013 ESAS
Summer School
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AT

Cold production (refrigeration / liquefaction)

B Refrigeration cycle ﬁ P
®m Stirling-process A ﬁ * V. T, ol T.=m
B Advantages c—+ Ao tcold B arm —~warm

= high efficiency v v, =
r . o
Compact T, =T, 0 *

B Disadvantages 1 5 3 4
B no quuefaction a: piston on warm side;  b: piston on cold side;  c: regenerator
® mechanical movements in cold part

® additional cold cycles are needed to transport
the refrigeration power to consumer far away

Institute for Technical Physics
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Cryostats (Dewars) ﬁ("‘

B Dewar vessel
A

thermal contact Capacity: 40 liters

with niugen i Liquid helium volume: 28 Nm3
shield 2 tube

[ 25x% 0.3 mm Remember: 700 liters gas from 1 liter liquid

Liquid Helium Dewar vessel with LIN shielding

: 1 — valve head with thread connections
4 for liquid fill and gas withdrawal,
manometr and safety membrane.

2
- > 2 —inner vessel (12Cr18Ni1.0T)

LIN
J 3 — nitrogen vessel (12Cr18Ni1.0T) with
4 nitrogen shield (copper — high thermal
conductivity for uniform temperature)

980

LHe

5 4 - outer jacket

5 — multilayer vacuum insulation

high vacuum between the inner vessel

\M and the nitrogen shield

getter at nitrogen temperature

500 getter at helium temperature

[Arkharov et all., Cryogenic Systems]

Source: V. Chrz
http://indico.cern.ch/getFile.py/access?sessionld=3&resld=0&ma
terialld=0&confld=90787
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