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Progressive learning, from pain to relative success, it works!

300 1 /

E 'm0
! %
! ﬁ

il 4 4 f
/ i e
0 |

0o1- 02- 02- 01- 31- 31- 30- 29- 29- 30- 29- 28- 28- 29-
Jan- Apr- Jul- Oct- Dec- Mar- Jun- Sep- Dec- Mar- Jun- Sep- Dec- Mar-
2007 2007 2007 2007 2007 2008 2008 2008 2008 2009 2009 2009 2009 2010

250 1

i
|

[
o
o

Ul
o
ll! 1 i |

Temperature [K]
|_I.
Ul
o

A ARC12_MAGS_TTAVG ¢ ARC23_MAGS_TTAVG ® ARC34_MAGS_TTAVG ® ARC45_MAGS_TTAVG
¢ ARC56_MAGS_TTAVG ® ARC67_MAGS_TTAVG = ARC78_MAGS_TTAVG A ARC81_MAGS_TTAVG

The 1st International Particle Accele . .
W W T W 2/44 LHC Cryogenics 1st operation for beams



LHC Cryo-OP

evolution

Introduction

Cool-down

Temperatur

Tuning

0 29- 28- 28- 29-
Jan- Apr- Jul- Oct- Dec- Mar- Jun- Dec- Mar- Jun- Sep- Dec- Mar-
2007 2007 2007 2007 2007 2008 2008 2008 2008 2009 2009 2009 2009 2010

Operation

A ARC12_MAGS_TTAVG ¢ ARC23_MAGS_TTAVG = ARC34_MAGS_TTAVG e ARC45_MAGS_TTAVG
* ARC56_MAGS_TTAVG ® ARC67_MAGS_TTAVG = ARC78_MAGS_TTAVG A ARC81_MAGS_TTAVG

Nice features !
Consolidations

Summary

The 1st International Particle Accele : :
|PAC§{@ Kyoto, Japai / May 2328, 2010 W 3/44 LHC Cryogenics 1st operation for beams

{The || st Intermational Particle'Accelerator, Conferance.




LHC cryogenics is the largest, the
longest and the most complex
cryogenic system worldwide

The 1st International Particle Accele
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Cryogenic architecture
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Cryogenic sub-systems

Performance assessment of all sub-system (at least a
type test) before being connected to the next one

LHC Cryo-OP
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Performance assessment of all sub-system (at least a
type test) before being connected to the next one

Point 8

Sector 7-8 Sector 8-1

'PACé{@ U L g e LHC Cryogenics 1st operation for beams
Kyoto, Japar / May 2828, 2010, yog P

{The || st Intermational Particle'Accelerator, Conferance.




LHC Cryo-OP

Performance assessment of all sub-system (at least a
type test) before being connected to the next one
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LHC Cryo-OP

—2=Nb-Ti@ 4.5K

~—Nb-Ti @ 2 K —
‘\\\+Nb38n@45K

Hell

Pressurzed He |l

Jc [A/mm2]

SaturatedHe II

B [T / \

LHC DIPOLE : STANDARD CROSS-SECTION

saturated He I, rowmg\ heat exchanger tube

Two-phase He @ 1.8 K i
wo-phase He pressurized He Il, static

Pressurised He @ 1.9 K
(~ 20 Itr / m)

Beam Screen @ 4.6-20 K
Heat intercept @ ~4.5 K
Radiation Screen @ 50-65 K
Heat intercept @ ~ 50 K

sc bus bar connection

helium vessel
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Overall strategy

* The cryogenic team has always been responsible for the
« definition of the heat loads, RnD for innovative aspects,
architecture for cooling and distribution, process selection

. Comm|SS|on|ng of sub-systems were done one after each
¢ ¥ other, with performance assessment for all refrigerators
O and at least a type test of other sub-systems

» The cryogenic system is operated transversally, from
cooling capacity production to distribution and cooling of
components (magnets, RF cavities, current leads)

Ql
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LHC Cryo-OP

Flushing sectors before cool-down [

Dust Debris

- possible
~ .+ shortsin
diodes !

N g

But the sooner the best !l
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Single sector cool-down sequence

LHC Cryo-OP

From room temperature to 80K: Precooling with liquid nitrogen(LN2)
4700 tons of material to be cooled, 1200 tons of LN2 (64 trucks of 20 tons)
Three weeks for the first sectors, a bit more than two weeks now

From 80K to 20K: Cooldown with Helium turbines
Almost three weeks for the first sectors, one week now

From 20K to 4.5K: Continued with He turbines
Filling some 10 tons of helium in the machine at this stage
One to three weeks for the first sector, three days now

From 4.2K to 1.9K: Cold compressors (15 mbar)
Two weeks (+) for the first sector, two days now
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LHC 18 kW @ 4.5 K Refrigerator
Compressor stations

LHC Cryo-OP

Gas coolers  Lip compressors

LP compressors Electrical power consumption: 4500 kW

HP supply
@ @ 1680 g/s @ 20 bar

1A -
: / MP return
4 880 g/s @ 3.9 bar

LP return
800 g/s @ 1.05 bar

Oil removal system

Identical installation for both suppliers, i.e. all new 4.5 K refrigerators
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LHC 18 kW @ 4.5 K Refrigerator
Process cycle for Air Liquide

LHC Cryo-OP

Expansion Turbines
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45K

The 1st International Particle Accele INTEIENG . .
W W T W 16/44 LHC Cryogenics 1st operation for beams



SN Pre-cooling to 80K with LN2 |

LHC Cryo-OP
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LHC Cryo-OP

First beams around LHC
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@ Hydrodynamic cold compressors for 1.8 K ref.

LHC Cryo-OP

125 g/s GHe from 15 mbar with 4 stages
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1.8 K cycle and specificities

LHC Cryo-OP
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LHC Cryo-OP

///////////////// Operating Definition of reduced

Forbidden range parameters:
(20 to 25 %)

o M Tin Pin
/ m, \Tin, Pin

and

N* = N ] /Tino
NO Tln
m: mass-flow
Tin: Inlet temperature
Pin: Inlet pressure

N: Rotational speed
Subscript 0: Design condition
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Reduced flow, m* [-]

Complex operation of hydro-dynamic compressor:
- high rotational speed: up to 800 Hz,
- reduced operation range at constant pressure ratio.
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Cryogenic Distribution Line
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Beam screens
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Supports and thermal shield

Functional analysis, Methodic and systematic approach, a bit of time ...




LHC Cryo-OP

Diam. [mm] Volume [m3]
100 25.9
150 58.3
250 162.0

From QUI to
Q_. m=Ro.V_.S QRL_RM

= 3300m

Density [g/l] Mass [kg] | Time flight
C [3B, 9K] 118 3058 5-12h
D [1.3, 8K] 8 467 1-4h
B[0.015,4K] 0.18 29 4-12'
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LHC Cryo-OP
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LHC Cryo-OP
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LHC Cryogenic commissioning

LHC Cryo-OP

: 4.5K stand-alone magnets
« 2K magnetsinARC e (e 017

LT/EH at return modules —  Adjust instrumentation LT/EH
LT of SSS in ARC — Control LHe at 50%
EH at lowest point

EH of cold masses & beam screens
Electrical Feed Boxes (DFB’s)

Cool-down shield (if any)

Cool-down leads at 150K, then cool-down

o . phase separator
Principle set-up in 2007, foreseen Adjust instrumentation LT/EH

during the (target =two) weeks after Control LHe at nominal
ARC magnets @ 4.5K,

* 6 weeks required per sector in 2008
« 2 weeks OK June 2009 for 1st time
* <1 week per sector now

The 1st International Particle Accele . .
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Cryo conditions for powering

LHC Cryo-OP

set of conditions to allow powering of concerned sub-sector
(rather strict = good stability of process)

Few important conditions checking integrity of HW, with
_slow power abort in case this signal is lost

DFBAJ DFBAJ
HCM LCM

Standard Cells

DFBAK DFBAK
HCM LCM — -

Cryo maintain sent to magnets
“Power Interlock .
Control” (and eventually to
beam interlock
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IPACéﬂ@ AW W TN W 30/44 LHC Cryogenics 1st operation for beams

1The | 5t Intermational Particle'Accelerator, Conferance




Outline

Introduction
Cool-down
Tuning
Operation
Nice features !
Consolidations

Summary

The 1st International Particle Accele . .
W W0 W 31/44 LHC Cryogenics 1st operation for beams




Operation structure & approach

* Per site, one experienced engineer to guide a local team
of operators, with help of support teams (instrumentation,
experts, controls)

For machine controls (temperature, level, pressure), basic
Interlocks and simple PID loops with generic tools for fast
orders, now completed with automated sequences

Since 2009, one operator in shift 24h/7d, more transverse
structure site/CCC, procedures

The 1st International Particle Accele . .
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Terminating efforts to get air leak tight sub-atmospheric circuits (last one!)
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Ap rll 201 O (single stops < 10min not yet reported here)

Short glitches, but
dumping the beam

Recovery time
after cryo-plant
failure rather long
(10-24hs)

E_‘

Ways to improve
number/duration
of stops to be
studied

Technical sto

/
Cryo-plant stops =

Il

-l d

29/Mar/2010 00:00 05/Apr/2010 00:00 12/Apr/2010 00:00 19/Apr/2010 00:00 26/Apr/2010 00:00 03/May/2010 00:00
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Availability

LHC Cryo-OP
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Super critical helium distribution line 4.6 K, 0.3 MPa (3 bar)

~ Saturated helium pumping line 4K, 1600 Pa (16 mbar) M eaS u re m e nt Ca m pa ig n

H Heat loads converted on 5 sectors,

X Pressurised helium,1.9 K, i nto maSS'ﬂ OW Au tu m n 2 O 08

0.12 MPa (1.2 bar)
A arararir A rAarararararar
I !
Q||p||p||Dp||Q||D||D||D Q||p||p||Dp||Q||D||D||D

SUB SECTOR, 214 M, COMPOSED OF TWO CRYO-CELL

@ Continuous cryostat BIT 1 OJIT 2

800
Measures 7y In average,

o0 125 W
gained
(20%)

500 -
VS [W]400 -

. 300 -
Design 200 1

Report 0-

DR |[Meas.| DR |Meas.| DR |Meas., DR |Meas.| DR |Meas.

Sector 1-2 Sector 4-5 Sector 5-6 Sector 6-7 Sector 8-1

Confirmation of valid design, fabrication, installation and quality control

The 1st International Particle Accele . .
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LHC Cryo-OP

Super critical helium distribution line 4.6 K, 0.3 MPa (3 bar)

Saturated helium pumping line 4 K, 1600 Pa (16 mbar) M eaS u re m e nt Ca m pa ig n

I-!eat loads cqnverted on 5 sectors,
into AT and internal

\/ . .
A s energy Autumn 2008

rrararararir T riri

Q||p||p||Dp||Q||D||D||D Q||p||p||Dp||Q||D||D||D

SUB SECTOR, 214 M, COMPOSED OF TWO CRYO-CELL

Calibration

IT valve [~

T11

Magnet
temperature |

Calibrated heating [W]

— MB
. QFap

T T T

10:00 10:30 11:00 11:30 12:00
Time [h]

The 1st International Particle Accele i )
ol i 1 o 99, JgNd W 39/44 LHC Cryogenics 1st operation for beams

Current

Curent[kA], valve opening [%]
Cold-mass temperature [K]




LHC Cryo-OP

m Dipole (5 arcs) Quadrupole (4 arcs)

~2W @ 7KkA

NNXN : Confirmed by electrical measurements

Detection & localisation of 2W in 214m out of 3.3km:

—
IS

- Good overall stability

—
N

- Superfluid helium properties
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- Impressive instrumentation

-50 -40 -30-20 -10 O 10 20 30 40 50 60 70 80 90 100110120130140150160170180190 200

Sub-sector resistance variation w/r to baseline [n Q]
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@ One cryoplant for two sectors

1.8 K Refrigeration Unit Ex-LEP 4.5 K Refrigerator

New 4.5 K refrigerator 1.8 K Refrigeration Unit

Warm Compressor
Station

Cold Compressor

Warm Compressor
Station

Upper Cold Box

Lower Cold Box

Warm Compressor [§_i] Warm Compressor

Station

Cold Box

box

>

Interconnection Box

N

Station

Distribution Line

Magnet Cryostats
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One cryoplant for two sectors &3

4 5K Ref.: =10% Capacity left per - New 4.5 Krefrigerator 1.8 K Refrigeration Unit

sector for dynamic loads, after
e ; Warm Compressor [§_
specific adjustments made ;
Cold Box ;;

Warm Compressor
Station

=~ SMW of power input, instead of
8MW (2x4MW)

Competitive for recovery after stops
(<10hrs for CC, <24hrs after power
failure for 2 sectors)
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i Done for 50% of LHC ! |

LHC Sector (3.3 km)

VU c Vial I€
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Not valid for large transients, but an interesting feature for low beam loads,
or validated fall-back scenario if serious problems with a refrigerator




Follow-up of Helium inventory

LHC Cryo-OP

LHC Cryogenics - Helium Inventory

M Initial Inventory

Deliveries External
1 M Final Inventory storage
1 M Losses

Transfer
Cryolab
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Outline

Introduction
Cool-down
Tuning
Operation
Nice features !
Consolidations

Summary
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Consolidations

* Done before beams:
— Electrical feedboxes: condensation, valves (continued)
— Cryogenic control valve plugs (10% most critical)
— Cryogenic instrumentation capillary for some magnets (80%)
— Software simplification and tuning

LHC Cryo-OP

* Launched, for increased operational reactivity:
— Liquid helium storage capacity, to reach 110% of inventory
— Critical spares (screw compressor casings, some turbines)

* Being considered:
— Possibility to fully decouple adjacent sectors
— Terminate correct (phase separation) and LHe measurements

+ Additional safety relief valves on magnet cryostats
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Conclusion: Learning curves

Once understood, easyer to set automatisms and procedures !

Sector cool-down 300K-1.9K Tuning before HWC

LHC Cryo-OP

2007 2008 2009 Target Design 2007 2008 2009 Target Design

Recovering main 4.5K Refrigerator stop Recovering 1.8K Unit

100
90 -
80 A
70 A
60 -
50 A

2007 2008 2009 Target Design 2007 2008 2009 Target Design
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Summary

« LHC cryogenics is the largest, the longest and the most complex
cryogenic system worldwide.

LHC Cryo-OP

This demonstrates that there are no
big issues in concept, technology or global approach.

Despite a step by step methodical approach and great involvement of
key design/project engineers with experience, we had very hard time
and lengthy commissioning to learn how to tune all these sub-systems
together while permanently consolidating what was not conform. Could
it be done differently, more smoothly ( tests, simulators, software)?

Cryogenics operation is now integrated in central control room with LHC
main systems, but operated/supported independently (about 70 people)

Few specific consolidations are foreseen in 2012, mostly for faster
reactivity. And we have to prepare for continued gain in availability!
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