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HL-LHC goal : producing in that period 10 times
more data as compared to the nominal LHC
operation period.

= Requires an upgrade of the final focusing
components both for machine lifetime and
performance by increasing the peak luminosity by a
minimum of five times wrt LHC nominal.

= New superconducting elements having increased
cryogenic demand requires the installation of new
Refrigerator and Infrastructure in IP1 and IP5.
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HL-LHC P1/P5 Cryogenic architecture

QSCG : Compressor station HL-LHC WP9 - Cryogenic
—> gaseous helium 20 bara i B
asP R - | [
QSRG : 4.5K refrigerator - i
supercritical helium at 3 bara | —
— — E (o e e
and 4.6 K a0 s mm - - éée o .
e R we— Snat
QPP scope of supply.
QPLG : Vertical transfer line
(=100 m height) =
Underground
QURCG : Cold compressor LTS [
- . | DFHX | DFHM
—> cooling capacity at 1.8 K e [ [
LI e LHC tunnel
QRP Q20| Q3 cP D1 M cc | cc
Machine Components =
P
at tunnel level aRL -y - axt M GRL
HL-LHC Functional Diagram 04-03-2021

QXL : Distribution line
distributing C,E and
returning B,D,F

RM/JIM : Return module
and junction module at

extremities for transient
handling and back-up

Heat loads at machine Heat loads from the : :
component level distribution system mmm—gy  Refrigerator capacity
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Heat load classification and mechanisms

Static

»Depends on cryostat design and insulation vacuum
»Constant at nominal conditions

HEAT LOADS DEPOSITION BEAM SCREEN DETAILS HEAT LOAD MECHANISMS
HL-LHC IT CROSS-SECTION ’

i : - STATIC LOADS
i Cooling Capillaries Cold Bore

- Support posts

Temperature level -CWT

- 1.9K H - Beam Screen supports
[=) @ 3 ) Vacuum Jacket ! Tt:gr'r(nal ﬁ‘:x;a:'l‘:um
R@S USE”\Y/@ - 0=50K i s - Conduction

Thermal Shield - Radiation
icti 1 i H - Optical Windows
> Resistive heating occurs in splices of the S S EehEee

. . RESISTIVE LOADS
superconducting cables and in current leads. “NSTINo,Sn Spices
MAGNETIC LOADS

i -A.C. losses (magnet ramp)
Supporting
Ball Springs

Bezim nducee

»Image current depend on beam characteristics
»Electron cloud considering Carbon coating

BEAM INDUCED LOADS
- Synchrotron radiation

- Image current (induction)
- Beam scattering

- Photo-electron cloud

‘\\ * Spot weld

Cold Mass
Pressurized He Il

/_\_A’—\

N N

COLLISION INDUCED LOADS
- Secondary particle losses

OTHER MECHANISMS
Coolin, RADIOFREQUENCY LOSSES
Pipesg - Only occur in Crab Cavities
VACUUM LOSSES
- Only occur in the case of a failure
i REFERENCES
STATIC - TE-MSC-CMI
5.1 Wm
. I

Collision Induced

»Secondary particle losses
»Mainly depend on luminosity and beam energy

Magnet Coil

Magnetic Induced

» Dissipation of Eddy currents due to change of
magnetic field

0.5Wim
1+0.5W/m

3.6 Wim

Quadrupoles RF (CC)

(ramps only) EN-MME-EDS

Occurs at ramp and ramps down
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Methodology at Machine component level
Design cooling capacity Queqn iS calculated for each temperature

level and machine component considering an uncertainty factor F,
applied only on the static heat loads and an overcapacity factor Fov at
1.5 applied only on the Nominal conditions (7 TeV and 5L0).

Estimation of the static heat load consider the characteristic of each P -
individual components and design maturity. w5 / e jm

= The installed local capacity is the maximum heat load which can be
extracted from any cooling circuit limited by the systems design. It

\\ \ /“"MM(M 12 units)
1.39 W to Cold Mass
Beam Screento Cold Mass.
3.04W to Cold Mass

Support Posts
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should be at least as high as the design capacity. S
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Machine Component Heat Load Summary

Temperature level Component Static x F,, Nominal Ultimate Design Equivalent4:5iKSeq srepantition

19K /2.0K [W] Inner Triplet 224 892 1358 1358
D2 30 56 74 84
CC module 23 45 45 68 @
10, I
4.5 K to 20 K [W] D2 34 86 87 129
CC module 11 16 16 24

60 K to 80 K [W] Inner Triplet 697 1677 2134 2515
m19K/2.0K m45K-20K
D2 186 186 186 279 m 60K-80K m45K-300K
CC module 255 264 264 396 i
Heat'load disthbltionratdi9 Kelevel
4.5 K to 300 K [g/s] IT Cold Powering 3.0 4.8 5.0 7.0 ccmodute [ 5%
MS Cold Powering 3.1 3.0 3.0 4.5

D2 | 6%
= Machine component led by the heat load at 1.9 K on the Inner Triplet.

e : - |, oo
= More specifically, heat load on the IT is led by the Collision heat Induced T
heat load. 0%  20% 40%  60%  80%

100%
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lllustration of heat loads forone IT @ 1.9 K

300 TTTTTTTTT YT T T I T T T T TE T T TS — — . Installed Local capacity [ 1600

250

7,

g

Heat Ioag [W]

g
Cumulative Heat Load [W]

Q1 nominal Q2A Q2B Q3 Ccp D1

B Fun * Q static [W] 1 Q dynamic[W] # Qvercapcity margin [W]

» Dynamic heat loads account for ~ 75%

> Installed local cooling capacity is determined by the gas velocity in the magnet heat exchangers in the Inner triplet
depending on cold mass temperature.

‘HiLumi ,
HL-LHC FPAROJECT
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Design heat loads on the Cryogenic distribution system

= The cryogenic distribution system includes :

Five process pipes in a single vacuum envelope, thermally shielded
by an actively cooled thermal shield.

Service modules including valves and sub-cooling heat exchangers to
connect the insertion elements.

Return modules, located close to the interaction point (IP), including
valves, heaters, and a phase separator.

Junction modules, located at the junction to the LHC distribution
(QRL), including valves, heaters and a phase separator.

QXL P T Specified Design HL for
nominal nominal Heat load Refrigerator Design

Line ~15 mbar ~4 K 0.2W/m 374 W

Line C ~4 bar ~5K 0.1W/m 187 W

Line D ~1.3 bar ~20 K 0.3W/m 560 W

Line E- ~21 bar ~60 K 0.05 W/m 95 W

Line Fu ~20 bar ~80K 3 W/m 5600 W
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Towards Refrigerator design : consideration on 1.9/2.0 K level

Heat load to 1.9K / 2.0 K level at the component level represents more than 70% of the charge coming mostly from
dynamic load.

Dynamic heat loads are well controlled based on a return of experience from LHC machine and model benchmark.

Heat load at 1.9 K / 2.0 K for one HL-LHC insertion vs. Luminosity

= To avoid non-necessary overdesign for the
refrigerator and allow for more energy efficient
Machine Component design : 3116 W turn-down operation, the design capacity was
_ chosen at 2720 W @1.9/2.0 K (F,, at 1.3) for
Nominal x1.3:2720W | 1 L oo oo : the refrigerator allowing :
2500 E Ot 1.3 @eeserreeesesmeessesmssesssssesssssesposesns R ® To cover the heat loads at ultimate luminosity of
7.5L0at7 TeV.
""""""""""""""""""""""""""""""""""""" ® To cover the heat loads at maximum beam
energy of 7.5 TeV and a luminosity of 6.5xL0.

"""""""""""""" ® To guarantee an overall overcapacity factor of
1.3 for the nominal luminosity at 7 TeV.

3500

3000

[
o
o
o

Heat Load [W]

._.
w1
o
o
Nominal luminosity

1000

= At the machine component level, all cryogenic

elements were designed for at least 3116 W.

500

= At maximum, the cold compressor are
L a5 2 as s as 4 oas s w56 es 7 78 designed to 3210 W to absorb excess heat

Luminosity [LO] deposited on the cold mass when collision
occur.
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Refrigerator cooling capacity

» Summarizing all the previous data, each P1 and P5 Refrigerators shall be designed for 14 kW at 4.5 K eq.

> Three operating cases were considered for the Refrigerator Heat load distribution for Design Case
design : D . H H .
= The Maximum Capacity mode, corresponding to the moment : ) i i y )
when collision occurs. This mode last one hour during each fill Zoh 208 s it ey e
with a supplementary charge being compensated by buffered Lo | [oow | [ww | [ ew | [ seow |
liquid heIiu.m in the Refrigerator; =] W] [ ks
= The Design Capacity mode, covering a steady state 7 . .‘}W-.V'_W'- S '-,,-Of,--'
operating mode when the design heat load is extracted at the HL- | o
LHC machine component level. r MSL T e T
= The Turndown mode, characterized by minimum helium T an T HLLHC nserion
cooling before beam injection and after beam dump. s B
148 gis I_zag/s o w
Operating mode C->B Isothermal4.5K C->D C->300 E->F
K
Maximum Capacity 3760 W - 1320W  23g/s 13000 W
Design Capacity 3250 W 700 W 1320W  23g/s 13000 W - bos
Turndown 1100 W - 700W 10 g/s 6000 W
‘ itumi Y _
HL-LHC PROJECT V.Gahier | ICEC29/ICMC2024




Conclusion

The HL-LHC heat loads were assessed taking into account beam parameters,
luminosity, and beam energy as well as the maturity of design of the machine
components considering overcapacity contingencies.

The installed cryogenic capacity was found adequate for each machine
component, with sufficient local margins.

= The Refrigerator capacity was defined for an equivalent capacity of 14 kW@4.5
K, including 3.25 kW@1.9 K, based on the machine components and
cryogenic distribution heat loads with a limited overcapacity.

= The contracts of the two new cryogenic plants and associated cryogenic
distribution lines required for the HL-LHC upgrade are currently under
manufacturing phase - The next phases to come will be the installation,
commissioning and tests, and handover to operation.

= |n the same while, the machine components are currently tested at CERN with

thermal measurements as per expectation. -
Vacuum vessel in stock at KrioSystem
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Thanks for your time and questions
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Static heat loads on Inner Triplet

Jstaute heatload | @@ [ @ [ a [ a3 | e [ D1 [ Dem [ Grandtorl |
Cold Mass - 1.9 K Static Fun™
Approach for each Temperature |eve| ) Uncertainty factor Qistatic Qstatic Qstatic Qstatic Qstatic Qstatic Qstatic Qstatic Qstatic
|| Support posts 1.25 3.00 3.00 3.00 3.00 2.00 2.00 - 16.00 20.00
Vacuum barrier 1.50 - - - - - - 5.00 5.00 7.50
1 Radiation Thermal Shield to 1.25 4.23 4.02 4.02 4.16 2.47 3.03 21.93 27.41
o —-—— 7&‘ Radiation beam screen to cold 1.25 3.04 2.94 2.94 3.04 1.22 2.21 15.39 19.24
CWT / Interconnect 1.50 4.89 4.14 4.14 4.14 4.14 4.35 25.80 38.70
[ = —g——g—= IFS type 1 2.00 1.76 0.88 0.88 1.76 0.88 - 6.16 12.32
S o IFS type 2 2.00 5 0.16 0.16 - 0.16 0.16 0.64 1.28
osH o osHf DR DCM DI CP 03 A% 0% 4 K-MOD 1.25 2.60 - - 2.60 - - 5.20 6.50
1o DFH CLIQ 1.25 3.32 1.66 1.66 3.32 - - 9.96 12.45
Phase Separator 1.50 1.28 1.28 1.28 1.28 1.28 1.28 7.68 11.52
Alignment ports 1.50 1.39 1.39 1.39 1.39 - - 5.56 8.34
. Lambda Plate 1.50 5 - : - - - 1160 | 11.60 | 17.40
1.36 W to Cold Mass ton to Tharmal Shiald XB Pumping line 1.25 1.57 1.57 1.57 1.57 1.57 1.57 - 9.45 11.81

. 0.26Wim2to Therme Shield cua Local powering current leads 1.50 - - - - 20.00 - 20.00 30.00
2aW s G mass | 09W 1o ColdMass | 1.36 W to Cold Mass
; ‘ : Rediation to Cold Mass oow |o'(F=<sud Mass.

0.2W/m2 to Cold Mass

Fl.ll'l‘
Thermal Shield 60-80 K .
. Uncertainty factor | = Qstatic Qstatic Qstatic Qstatic Qstatic Qstatic Qstatic Qstatic Qstatic
\ , : R p— Support posts 125 3960 | 3960 | 3960 | 3960 | 2640 | 2640 - 21120 | 264.00
BeamScreento Coatiass - e Vacuum barrier 1.50 30.00 | 3000 | 45.00
. 0 lass Support Posts
W oCoiaass Radiation to Thermal Shield 125 3474 | 3137 | 3137 | 3251 1929 | 2360 | 1000 | 18288 | 22860
e Current leads (conduction 1.50 - - - - 106.00 - - 106.00 | 159.00
a4 . Y
*Documentation
*Edms _ _ _ _
eIndico » Uncertainty factor (F,,) was tailored made for each users according to the uncertainty /room to growth left
*Review for each component taking into account recommendation from heat load review panel.
«Communication ) ) ) o ) ) )
9 y »  This table does not include the overcapacity factor (F,,) that is still to be included in design heat load
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Peak dose [ MGy / 3000 fb™" |

Peak dose profile in the Inner colls (L, = 3000 fb™")
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Dynamic heat loads on Inner Triplet

Qaynamic heatload

*WP10 : Collision induced
» FLUKA Simulation

*WP2 : Beam induced

» PyEcloud simulation for
electron cloud

> Analytical for impedance

S

_/

SEY. Heat load
— sey=11.218W
s sey=13 1643W

_ Positions of long-range
encounters

Cold Mass 1.9 K Dynamic Omfrc apacily Quynamic | Qaynamic | Qadynamic | Qaynamic | Qaynamic | Qudynamic | Qaynamic | Qaynamic =
actor Qaynamic
Resistive 1.50 711 372 372 6.85 6.06 044 0.95 28.84 4326
Beam Induced 1.50 0.38 0.29 0.37 0.40 013 019 - 1.75 263
Collision Induced 1.50 116.89 104 .22 126.22 136.89 68.22 8422 - 63667 955.00

Overcapacity

Beam Screen 60-80 K factor Qdynamnc Qdyna'nic Qdylﬂ'ric Qdyr:amic Qdynamic Qdynamic Qdyna'nic Qdynﬂ'rit:
Beam Induced 1.50 7570 58.12 7382 8012 2522 37.22 - 350.20
Collision Induced 1.50 193.00 8567 105.00 97 67 7367 75.00 - 630.00
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Heat Loads on D2

The following graphs summarise the heat loads on the cryogenic circuits of the D2, including the
uncertainty and overcapacity margins which have been applied:

Heat Load to 1.9 K Heat Loadto 4 - 20 K Heat Load to 70 K
120 1 Dynamic 160 A Dynamic 300 Static Overcapacity
Dynamic Overcapacity Dynamic Overcapacity 280 W # Static Uncertainty
100 - % Static Overcapacity i Static Overcapacity M Static
% Static Uncertainty . 129 W # Static Uncertainty 250 4
W Static B Statj 93.2
= 84.1W = 120 A 112 W = /
2 80 - 2 2
= 75.3 W = 52 < 200 - 187 W
© 26.0 o 100 o © 7 =
o o o 7 7
- | - . .
- 60 - - - 7 7 A 5.
© © 80 4 © 150 -
4 13.0 45.2 T 77.9 4 _ ///
26
40 A ] 100 -
. 40 - 16.9
20 -+ it 50 -
20 4
0 0 0 -
Nominal Ultimate Nominal Ultimate Nominal Ultimate

—{ DFM Interink |

Cold Warm Transition IFS§
(CWT) — IP-Side

i i .
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Heat loads on Cold powering systems

Cryostat and leads

Cryostat and leads

SC Link for
Triplets

SC Link for
Matching Sections

Courtesy from A. Ballarino
From Internal revi D

One cooling circuit from 4.5K to 300 K

One  Service module

feeding in particular

supercritical helium to Cold DFX
HL-LHC DF)(:'DSHXIDFI:!X L5 . EAC T

Powering system.

Iofe @ nm

SC link (DSHX) ~72 m

19 cables cooled by
gaseous helium  (helium
boiled from DFX)

Cryostat at 1.5 W/m

Interface to

— Nb-Ti- MgB2 < 5K
conneciion Conductor and splices to
. ) be maintained in LHe

QXL Jumper

MgB2 < 17 K

Triplats
=

=4
Courtesy from A. Ballarino

From 8" HL LHC coliaboration meeting
WRL (195 bar, 83 K)

DFHX

MgB2-HTS splice < 17 K by forced

gaseous circulation

2 shuffling boxes

19 current leads :

- HTS- copper transition < 50 K

P HLLIC DFXOSHUDFF S _v.1 - 05 May 2020 - EDVS 2322140 - V. Gahier

=

Return at 300 K and Low pressure -
helium required is a liquefaction flow at
refrigerator level

12.0

IT Cold powering

Installed local capacity

10.0

»
=}

6.0

4.0

Helium flow (g/s)

2.0

0.0 -

» Cold Powering for IT is designed for current lead requirement,
» Cold Powering for MS is designed for SC link requirement,
» Refrigerator to be designed for 23.0 g/s.

(ous)

— Dynamic overcapacity

Dynamic
< Static overcapacity
¥ static uncertainty

o /'Staﬂﬁ 4.1 g/s
N g S e
%- 7
?/ J‘/ J‘/JJ %

B

?/ pe

Current leads DFX SC link

Helium flow (g/s)

12.0

10.0

w
=)

6.0

4.0

2.0

0.0
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Matching Section Cold powering

Dynamic overcapacity
Dynamic

# Static overcapacity

4 static uncertainty

W static

New proposed Installed local capacity
Previous Installed local capacity

-3.4 g/s
20 7

%

]
e

DFM SC link

Current leads




Heat load on Crab Cavities

2 K Design Heat Load 4.5 - 20 K Design Heat Load 80 K Design Heat Load

80.0 . .0 . .
70.0 -BIUU W ) 450.0 - w O O VV
20.0 400.0 4 .
60.0
, 350.0 4
3 £150 . 9.40
o =1 g e
® 40. 10.97 H 52500 7
%400 * %100 §200.0 / A
30.0 11.73 14.07 T g
200 4,69 4,69 4,69 *% P |
5.0 100.0 -
10.0 50.0
00 -— 0.0 — - N - . 00 — ) ) N N
td ) o oy " e @4 et = pytuns Moy o -~
* Static overcapacity not applied to the 4.1 MV case as
[ i inal 3.4 MV . . .
already mcludeq on RF.SIde for r_10m|na 3 case Considerations:
** No overcapacity applied to ultimate case _ )
= 3.4 MV — nominal operation
DOW prototype (length =3 m = : :
QW p ype (leng ) RED prototype (length = 3.36 m) - 4.1 MV — design operation
. 3 e . . ..».,- . et ¢‘:j T er—r— B \ . .
' = 5 MV — exceptional operation
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