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Introduction

What is cryogenics ?

Cryogeni c: fkiyas ", @hick mdans gold or freezing, and
"genes" meaning born or produced.

Al n physics, cryogenics iIs the study o

low eye temperature (  below 1150 °C, 1238 °F or

123 K) and the behavior of materials a
from Wikipedia

The lowest natural temperature ever recorded on earth was in 1983
in Antartica : -89.2 °C or 183.8 K

What is superconductivity ?

ASuperconductivity I s a phenomenon occ
very low temperatures , characterized by exactly zero electrical
resistance and the exclusion of the interior magnetic field (the
Meissner effect)
from Wikipedia
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Cryogenics

Superconductivity

Amalia Ballarino

ALICE

/

from LEP wLHC (@ ® @

Superconducting

magnets
—— 27Km — -

CMS
Compact Muon Solenoid

LHC-B

Particles accelerator

XXIl Giornate di Studio sui

Rivelatori



Introduction

Accelerator: Instrument of High Energy Physics
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Introduction

Accelerator Energy and Magnetic Field

‘ RADIOFFE QUENGY CAVITY
>,

Particles are produced by converting the collision energy into mass
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Introduction

Resistive magnets

U The most economical designs are iron -dominated,;

U The upper field limit for iron -dominated magnets is ~2 T due to iron
saturation;

U Most resistive accelerator magnet rings are operated at low field (~
1 T), to limit power consumption ( " BR).

Superconducting magnets

U Significant reduction in power consumption (cryogenic power " R);
U Higher current density in the magnet coils.
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Introduction

Economical savings due to superconductivity

U The LHC has a circumference of 27 km , out of which some 20 km
of main superconducting magnets operatingat 8.3 T and

1.9 K . Cryogenics will consume about 40 MW electrical power
from the grid.

If the LHC were not superconducting:

U Using resistive magnets operatingat 1.8 T (limited by iron
saturation), the circumference should be about 100 km , and the
electrical consumption 900 MW, leading to prohibitive capital
and operation costs
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The Energy Frontier
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Introduction

Large Superconducting Accelerators

Tevatron HERA RHIC LEP LHC
FermiLab DESY BNL CERN CERN
. Heav N
Type p-p |e-p | Y | e-e | p-p
Radius (m) 768 569 98 2801 2801
Energy per beam (TeV) 1 0.9 0.1 0.104* 7
Op. temperature (K) 4.6 4.5 4.6 RT-4.5 K* 1.9
Dipole field (T) 4.4 4.68 3.46 0.135 8.33
Dipole Current (kA) 4.4 5.03 5.09 4.5 11.8
L 1999 - 2007 -
Commissioning 1883 1990 2000 1989 2008
* Upgrade with sc cavities to achieve the mass of the pair of W particles
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Cryo-history

1848 : Determination of existence of zero absolute (Lord Kelvin)

1853: Discovery of Joule -Thomson effect (cool -down of a compressed
gas during adiabatic expansion)

1877 : Liquefaction of oxygen below 320 atmospheres (R. P, Pictet )
1895 : First liquefaction of air (Carlvon Linde)

1898: Liquefaction of hydrogen (Dewar)

1908 : Liquefaction of helium @ 4.2 K (* K. Onnes, Leiden Univ., ND)
1911 : Discovery of superconductivity (K. Onnes)

1938 : Discovery of superfluid helium (He Il). 1978: Kapitza , Nobel
Price in Physics
1971 :Use of superfluid helium at atmospheric pressure ( Roubeau )

1990 : Use of pressurized  superfluid heliuminlarge -scale projects

(Claudet and Aymar )

2008 :Start -up of LHC, with the worl dos | arg
(superfluid helium for cooling the superconducting magnets)

*1913: Noble Price in Physics fAfor his investigatio
temperatures which | ed, inter I i a, to the produc
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Standard P -T and T -v Phase diagrams

Cryogenic fluids o : .
%. — ]Crit'fcal
Cryogen Triple Normal Critical % e point
point Boiling point
(K) point (K) o i
(K) § Sr?:ge Vapor
Oxygen 54.4 90.2 154.6 a phase
¢ ’L{Fripie
Argon 83.8 872  |150.9 // pont [, Sauleted
50\0\'\“\3‘
Nitrogen 63.1 77.3 126.2
Temperature
Neon 24.6 27.1 44 .4
Hydrogen 13.8 20.4 33.2
Helium 2.2 4.2 52
- Saturated vapor
(I - point)

\(Curve

Y

Saturated liquid
curve

Amalia Ballarino XXIl Giornate di Studio sui Rivelatori



Part |

Helium

U Second lightest elemental gas, after hydrogen

U Smallest of all molecules

U Colorless, odorless, inert and non -toxic

U Lowest boiling point of any element ( -268.9 °C, 4.2 K)

U Helium is produced continually by the radioactive decay of uranium
and other elements, gradually working its way into the atmosphere
Commercial extraction from air is impractical because helium's
concentration is only about five parts per billion. Commercially, helium
IS obtained from the small fraction of natural gas deposits that contain
helium volumes of 0.3 percent or higher

Unusual characteristics:
U Helium remains liquid to absolute zero
U At 2.1 K, liquid helium exhibits super fluidity or virtually zero viscosity

(Helium II), defies gravity to flow up container walls and becomes
nearly a perfect heat conductor
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Phase diagram of helium (He%)
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Specific heat of saturated helium

SPECIFIC HEAT

C(J/g-k)
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Viscosity of He Il

Allen and Misener

Two fluid model:

rn1 hn’ Sn

r, hs=0,s ;=0
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Equivalent thermal conductivity of He Il

2000 |

K(T’#):#_z_élc.y(_r) Helium I

1500 dT _ #3'4 /\
dX Y(T) / \
¢ in W/ cn? / \

1000 TinK

X in cm /

500 / \
|
/ OFHC copper '

Y(T) + 5%

/

0

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2
T[K]

Conduction in a tubular conduit

Amalia Ballarino XXIl Giornate di Studio sui Rivelatori



Part |

Superconductor performance at 4.2 K and 1.9K
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Saturated and pressurized He ll at 1.9 K
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Large scale He Il systems

Use of saturated superfluid helium.

By lowering the pressure of the vapor when pumping on LHe, the
boiling temperature is reduced.

Liquid helium vapor pressure equilibrium and latent heat of vaporization

T (K) 1.6 17 18 1.9 2 21 217 4.22
P(kPa) 074 1.12 163 229 312 414 504 101.32
LJgl) 2293 2319 2336 2344 234 2319 - 2072
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Large scale He Il systems
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Refrigeration

Refrigerator: machine that extracts heat (Qc) from a low temperature
source (Tc) by adsorbing mechanical work (W); by doing so, it rejects
heat (Qh) to the high temperature source (Th, usually equal to

room temperature)

Iy W =0Qh -Qc

‘ Q=0 COP = benefit/cost = Qc/W =
1/((Qh/Qc) -1)

COP O T« ( Th

‘ Q. =0 COP= Cofficient of
Performance
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Carnot cycle

The Carnot cycle is the most efficient refrigeration cycle operating

between two temperature levels

Tc (K) 77 (LN,) 20 (LH,) 4.2 (LHe) | 1.8 (LHe) COP =Tc/(Th -Tc)
W/Qc* 2.8 13.5 68.7 161.8 TC/(Th -TC) 9
COP 0.3 0.07 0.004 0.0006 Tc—0
*Figure of merit
P 1-2 Isothermal expansion T 1
\ 2-3 Isentropic compression
'« 4 3-41sothermal compression
4-1 Isentropic expansion A QH
Oy 4 3
¢
\ A
’[“-A ’ A
< 1 5
Qc
2
. >
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T 613 kbar 82 kbar
300 K |-
1.3 bar
4.5 K
3.89 J/g.K 8.07 J/a.K
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Claudet cycle

Widely used in refrigeration technology. It combines isenthalpic and
isentropic expansion. A refrigerator based on the Claudet cycle
comprises a compressor at RT, a series of heat exchangers, an
expansion turbine and a Joule
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Refrigeration
Cooling methods:
U Heat transfer 1 counter flow heat exchangers

U External work 1 engine work (usually via turbine expanders, with
reduction of the gas temperature and pressure)

U Isenthalpic expansion (Joule  -Thomson effect)

it

i T H

isanthalpic
{Joule-Thomson valve)
W B, | - .
[Meat excnanger * — adiabatic (sxpansion engine

iseniropic

¥y
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Joule -Thompson inversion temperature: temperature above which
expansion at constant enthalpy causes the temperature to rise,
and below which such expansion causes cooling

Joule T Thomson (Kelvin) coefficient: T

inversion curve

m.=( dT/dp), (K/Pa) o — o senihalie

i cooling
D region |

my; >0 T<Tin
m; <0 T>Tin

Joule -Thomson effect: adiabatic expansion of a gas (constant enthalpy)
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Maximum inversion temperature

Maximum Inversion

Gas Temperature [K]
Helium-4 45
Hydrogen 205
Neon 250

. Nitrogen | 621
Air 603
Carbon monoxide 652
Argon 794
Oxygen 761
Methane 939
Carbon dioxide 1500
Ammonia 1994
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Efficiency of refrigerators and liquefiers as a function
refrigeration capacity
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The cryogenic system for the LHC machine
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Momentum P3
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From the LEP to the LHC machine

5 5

?/4:-:12 kwmam‘f

288 SC RF cavities

8x18kW/45K

8000 SC magnets
II
3+ 2km@4.5K +?’3 24km @ 1.9K

\  75tons@45K /

>\14.? tons of I-Ie/é
2 — 8

-

36'000tons @ 1.9K
96 tons of He
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Layout of LHC cryogenic system

A 5 Cryogenic islands
p6 A 8 Refrigerators:
- 2 at P4, P6 and P8
- 1latP2
- latP1.8
A 1 Refrigerator serves 1 Sector
(3.3 km)
A Possibility of coupling two
P7 refrigerators via the
interconnection box

QRL (distribution line)

QU (interconnection box)

o Refrigerator

— Are
1
-

Dispersion Suppressors
Loneg Staight Section
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Performance of 4.5 K refrigerators at CERN

[—JAir Liquide
@ Sulzer/Linde
—Carnot limit

W/ W@4.5 K]

LEP 0.8 kW LEP 6 kW LEP 12 kW LHC

LHC: COP= 230 W/W
h =29 % hcarnor
Electrical input power installed ~4.5 MW/refrigerator
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Cooling the LHC ring

Total refrigeration capacity: 144 kWat45K (8x18 kW @ 4.5K,
600 kW liquid nitrogen pre -cooler liquid used during cool -down) and
20 KW at 1.9 K (832.4 kW @ 1.9 K) distributed around the ring.
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Principle of LHC cooling scheme

In the LHC, heat is conducted from the superfluid helium to the a heat
exchanger pipe containing a mixture of saturated vapor and superfluid
helium (p ~16 mbar) arranged in a series of 107 m cooling loops all around
the ring.
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