O FCC B. Naydenov, L. Delprat, B. Bradu, K. Brodzinski @) 1

- This project has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement No 951754.

LONDON

United Kingdom

05 - 09 June

FCC CRYOGENICS

STATUS, LAYOUT, AND
IMPLEMENTATION STUDIES

boyan.kaloyanov.naydenov@cern.ch

B. Naydenov, L. Delprat, B. Bradu, K. Brodzinski
On behalf of the CERN cryogenics group

FCC Week 23’ — London — June 5th-9th 2023



B. Naydenov, L. Delprat, B. Bradu, K. Brodzinski

Table of contents

1. Current status

2. SRF heat loads — FCC-ee machine focus
3. Cryoplants layout

 Point H cryo layout

 Point L cryo layout

Cryomodules arrangement

He Inventory

Electrical power requirements

S A

Conclusion and upcoming activities



* First surface estimation requirements

for cryo (buildings, alcoves, and
caverns) system provided to civil
engineering team.

. Collaboration with FNAL.

* New baseline PA31-3.0 (25-01-23)
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Status reports & FCC Week & Review : FCC Week &
study planning implementation e L Review: key Project Relu’i-.‘csedFiR
. L mid-term review: rolect cost upcdie

baseline design, T o TR technology

organisation, g 2 R&D

communication
| | | |

* Long Straight Section (LSS) reduced from 2160 m to 2032 m.
*  New cryomodules (CM) distribution: all booster CMs at point L and all collider CMs at point H.

*  Four scenarios for point L — shaft at 0 m, 300 m, 600 m and 1000 m of the IP — see slide 8.

* Point H changed from asymmetric to symmetric — see slide 7.
«  FCC-ee cryoplants design and staging are being adapted — see slides 6 and 10.

cost updates
| | |

Point L — RF Booster

programs
I |

, .

Point H— RF Collider X[ |

 Narrowing down, together with SRF team, operating scenarios, heat loads (slide 4) and CM design concept with its

integration implications (slide 11).

« Understanding machine booster operation, its differences with the collider and its impacts on the cryogenics system.

* Soon starting a second iteration of exchanges with industrial partners where focus will be put on FCC-ee.
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FCC-ee SRF heat loads

Z
2
W
2
H

Total of
1950 m

Point H - Collider

Symmetric

(5E06008
X28 CM,omur— 4.1 KW at 4.5 K

2830000
X66 CM,omu,— 48 KW at 4.5 K

Assumptions

400 MHz cavities :
Qinstalled =2.7E+9

800 MHz cavities :

oeE6000
X66 CM,omu,— 48 KW at 4.5 K

Qinstalled =3.0E+10

30 % margin on heat
loads, today

Last update of above

v/

ttbar

STATUS |

0eae0e]
X66 CM,00mus— 48 KW at 4.5 K

X

X122 CMggomus— 20 KW at 2 K

values 12/05/2023

Total of
1300 m

Asymmetric

X150 CMggomuz— 8.6 KW at 2 K
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FCC-ee machine cryoplants layout

RF points — PH and PL b4

Stage Point H - Collider Point L - Booster

Collider

MDI magnets linked to detector position %
definition — not considered here

© — Technical Point
() — Sector RF Cryoplant
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FCC-ee cryoplants at point H - staging

+ Staging at point H
» Increased staging complexity.

Z > 4 W & H = ttbar

Q800MHz1staca = 3+ OF + 10 /1Qa00MHz 15101100 = 2-TE +9

\ J
Replacement v Ref. ~60 kW | Ref. ~60 kW
of cryoplant [ ][ ] eq @ 4.5K eq @ 45K
Feasibility TBC ! 10kW @ 2 K 10 kW @ 2 K
] [: included included
UcCB 2 UCB 2
l l ‘ ucB2+ | [ | ucB2+
+++++++++++++++++++++++++++++++ e R .
Cavemn Cavern
LCB1 — Leer LEE f LcB2e LCB 2+
[ _Qui | — aui -
41KW @ 45K 24KW @ 45K 24kW@45K | x§| HkW@asK 2 @ask | |
IKW @ ) X
5075 K 10kW @2 K nwenwe I
IEKW@ 3.5 kW @ 5075 K 5075 K

50-TH K 50-T5 K
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FCC-ee cryo layout at point H (ttbar)

Service cavern & LSS

: + LSS total length is of QRL Header Diameter
center are aligned uce | uce 2032 m. & Process values (mm)

A : 1.3 bar, 2.2 K (AP=25 mbar) 72
* CM are shared L e B : 30 mbar , 2 K (AP=2 mbar) 320
symmetrically

Service Cavern C: 3 bar, 4.6 K (AP=130 mbar) 110

. CM organized to ' D: 1.3 bar, 4.5 K (AP=70 mbar) 185
optimize QRL E: 20 bar, 50 K (AP=10 mbar) 80
=T - T— F: 18 bar, 75 K (AP=15 mbar) 80

‘ ] TTITLrTT ] P LTTIT] ‘ TTIirT "] Trrrerrn :‘ Vacuum jacket (400MHz) 550*

e e e Vacuum jacket (800 MHz) 750*

1950 m

[
>

* +100 mm for bellows and flanges

DNBSO DNT750 DNT50

\0/ \ / ﬁ\ / \./

DN650 DN850 DN850 DN650
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Point L

PA31-3.0: shaft location is uncertain. Different scenarios to be assessed:

« S1: Shaft at nominal point
« S2: Shaft at 300 m
« S3: Shaft at 600 m
» S4:. Shaft at 900 m

=
ﬂ.nu P ) R
o] RS
E 1 \
\ pamage N
\ \
v Os1ty
N 7
N,
/A
4
o
S~

Collider

[ -

PG
Difficult point containing the booster SRF section — limited integration space
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FCC-ee cryo layout at point L (ttbar)
S1 S2 S3

S4

UCE | UCB

UCE [ Uce uce | uce 23m | Shart

253m Service

Cavern

LSS LSS LCB Lss
- End center 1
Service Cavern : \ Service Cavern ¥ center
: 4 : . 50m
Lce _LCB 50m | | 4—300 m—p! Lss e Le: Lss |
aul ' . End center T
T — K ; ! p
Iy HED : i Booster CM
50m : Booster CM Boosler CM ! 600 m———» (BOOMHz@ZK)
{B00MHz@2K) {800MHz@2K) p :
[~m] LSS ; (Rm} Lsg 41016 M———>
Soaster CM Booster CM ope—0m— ——6m—> : Booster CM Booster CM End 1300
{B00MHz@2K) s (E0OMHz@2K) : 1300 m , : {200MH=@2K) {200MH=@2K)
« 650 m - 650 m i(—)(—«imm—) 850 m . Line A_ 13 bar
-1 m—————» 1 6m P
' 1300m P wo [ 2.2 K: 80 mm
e onico TN .
T / \ * LineB-30
o o o . ot . ot ; / C\ i/ o} i
S - /‘,.,-—-7.\: /_,.,-—-,.\‘ . /_,.,-—-,.\‘ . . ons0 s DY Dwen 3 |‘f D¢
. € \\‘_ oneso /7 € \\‘_ oneso 7 € \.\. - 77 € \.\. - SN e \ | B e 360 mm

/

N\ mbar/ 2 K:
O oo o) o) , R { B o) |
N N e e &) \ ° /’ BN ® /- LineE-—20bar

/ 50 K: 90 mm
 Line F—-18bar

DN650 DN650 DN650 DN650 DN600  DN700 DNgoo  / 7oK:90mm
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Service
Cayvern

LCB

Z ->

LSS
center
Ref. 2 K Ref. 2 K
(~0.5 kW) (=9 kW) f' nms
! (saﬁ?}i@zm
Lss ‘; 1016 m:
D —I >—‘ End | 1300
UCB 1 ucBz | Q800MHzy0a0q = 3- O + 10
+++++++++ [ [ I S o o |
ﬁ LCB1 % LCB 1+ % LCB 1++ ﬁ LCB 2
1kW @ 1.5 kW @ IKW@
50.75 K 5075 K 5075 K
16 kW @
| | | | | | | | 5075K

X £ X
03kW@2K 0.8kW@ 2K B6KW@2K
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FCC-ee collider/booster CM sectorization at RF points

* Cryo-RF working group has been set in January 2024 to address the cryomodule design of the cauvities.

* Current discussions are focused on the sectorization concept of the 2 K Cryomodules for the 800 MHz bulk
Nb cavities.

Refrigerator External transfer line

« Several options are being weighted: >
oros —0 B8 4 52 BB
* Fully segmented approaV service module
« Ex: ESS or PIP-II _
Refrlgerator Main service module

+ Continuous/Integrated cryostat approach Integrated transfer line

 Ex: XFEL or LCLS-II
External transfer line
- ” ' conones ~ [Rap (R ) (SO
» Hybrid approach (vacuum not addressed)

service module
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FCC-ee 800 MHz CM bi-phase tube study

Cryo distribution line can be both external or
_—" internal to CM vacuum chamber — study in progress
Cryo Distribution Line

H

...... -v-.‘..,‘ —._ ~ 4 bi-phase fube ——
0 GR65% A0 6565880658 6550 60636 680980 becaHio9006 60505 09596 6onm -

47-5\m>
0.25%
/ 1 cryo cell

Upper Awiﬁhjnclination
dynamic level The analysis aims to answer:

» What is an optimum cell length?
« What is the right bi-phase tube size for such cell, given the

Lower Y heat loads?
dynamic level With inclination

Bi-phase tube

Nominal level
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FCC-ee 800 MHz CM bi-phase tube study

20 A

0.03 A1

0.02 A

0.01 A1

Collider

1 Gas outflow

S
o
| — t

SR

Bi-phase line [m]

Preliminary proposal:

m [g/s]

* Acryo cell length of 52 m (6
CM per cell) — coherent with
warm quadrupoles spacing

* Abi-phase tube diameter of
25cm

First results:

Gas speed [m/s]

Gaseous cross-section [m2]

(') 1'0 2'0 o 3'0 4'0 5'0
Position (m)

« If supply fails, the highest
module will dry in about 30
min

« Evacuation gas speed does
not exceed 1.5 m/s (within
limits)

« Bi-phase line diameter for
booster will be refined once
transients are better
understood

STATUS | SRF HEAT LOADS | OVERALL CRYO LAYOUT | PH LAYOUT | PL LAYOUT |

Booster

1 Gas outflow
i

—_
—_—
| !

SR

-0.25 6.1 cm

Bi-phase line [m]

151 m [g/s]

Gas speed [m/s]

Gaseous cross-section [m2]

(') 1'0 2'0 3'0 4'0 5'0
Position (m)
| HE INVENTORY | ELECTRICAL | CONCLUSIONS
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Points H and L He Inventory

Baseline CM assumption with a two-phase helium pipe and a bath around the cavity: BN/ B8; X 1A NU|

Cryomodules 0.3 ton 0.6 ton 1.1 ton 6 ton
Distribution (QRL) 1.4 ton 1.4 ton 1.4 ton 1.4 ton
Cryoplants 0.1 ton 0.1 ton 0.2 ton 1.1 ton
Total 1.8 ton 2.1 ton 2.7 ton 8.5 ton
Cryomodules 2.2 ton 2.6 ton 2.6 ton 7.5 ton
Distribution (QRL) 4.3 ton 4.3 ton 4.3 ton 4.3 ton
Cryoplants 0.2 ton 1.7 ton 1.7 ton 4.5 ton
Total 6.7 ton 8.6 ton 8.6 ton 16.3 ton

» Total helium inventory for technical points at FCC-ee (ttbar) ~ 25 ton
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Electricity power requirements — Installed power

» Three scenarios are considered:
» Conservative: 230 Wel/W or 28.8 % of Carnot efficiency (LHC-like — CDR values)
the baseline!
: 210 Wel/W or 31.5 % of Carnot efficiency (With an optimized process)

» Optimistic: 170 Wel/W or 39 % of Carnot efficiency (With centrifugal compressors)
strong R&D effort needed

-
1.2/1.1/0.9 0.35/0.32/0.26 16/1.4/1.2
In *high”_ 11.5/ /85 0.8/0.7/0.6 12.3/11.2/9.1
mode
H 11.5/10.5/8.5 15/14/1.1 13/11.9/9.6
& ttbar 27.6/25.2/20.4 7.416.7/5.4 35/32/26

-26% of consumption with centrifugal compressors - R&D needed.
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Conclusions and Upcoming activities

Cryogenics study is on track in collaboration with RF and TIWG colleagues
« Staging of the machine cryoplants and concept of the cryogenic distribution were defined
following Z, W, H and ttbar machine

* Cryo for detectors/MDI under study -> main assumptions still to be transmitted to cryogenics for
further study of the design concept

« Surface needs (on ground, alcoves and caverns) have been transmitted to civil engineering
* Further study the operation modes of the booster and the related heat loads with RF/optics experts

» Define the operation modes of the cryoplants according to the machine modes (e.g. Economic
mode, maintaining a wide range of operability)

* Conclude on RF points (H & L) layout:
» PL position of the access shaft wrt the LSS-center to be confirmed J-
* Number of CMs, heat loads and sectorization strategy J

[
Update the feasibility study with industry J ﬂ

Investigate open points : safety aspects, installation and waste heat management.
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SPARES
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BOOSTER CYCLES IMPACT ON
CRYOGENICS
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7
Collider energy [GeV] 45.6

WW

Last booster cycle specifications from

K. Oide (24th Nov. 2022)

ZH

Injection time for each specie (20 GeV Linac, 4 1P)

(GED)

Collider & BR bunches / ring 10000

Collider particles / bunch N;, [1010] 243

Allowable charge imbalance A [+%] 5

Injector particles / bunch Nia [1019]

Bootstrap particles [ bunch [1010] =2N;A 243

# of BR ramps (up to 1/2 stored current, with N a) 3

z of BR ramps (bootstrap with 2N,A) 6

BR ramp time (up + dOWII) fram [5] 0.6

Linac bunches / pulse

Linac pulses needed 1, 5000

Linac repetition frequency [Hz] fep 200

Collider filling time from scratch [s] 230.4

Collider filling time for top-up [s] = #1p/fiep + tramp 25.6
Lum. lifetime (21P) [s] 2258

BS lifetime (2 IP) [s] 100000

Lattice lifetime (2 IP) [s] 1260

Collider lifetime (2 IP) > [s] 802.2

Collider top-up interval (between e+ and e-)(2 IP) [s] = A 40.1

Lum. lifetime (41P) [s] 1129

BS lifetime (4 IP) [s] 100000

Lattice lifetime (4 IP) [s] 840

Collider lifetime (4 IP) w [s] 479.3

Nov. 24, 2022

Collider top-up interval (between e+ and e- )(41P) [s] = ;A 24.0

80 120 1825
880 248 40
29.1 20.4 23.7

3
=30*
1.746 1.224 1422
3 i 4
8 6 7
15 25 41
2
440 124 | 20
50
1133 44.82 495
10.3 198 45
100000 2130 8124
2400 3000 3600
2140 4657 885.7
64.2 13.971 26571
1070 59 741
100000 1065 4062
1600 2000 2400
1070 382.1 5008
32.1 11463 16.284

I K. Oide
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Cycle modes and shapes

Filling from scratch Top-Up filling
(only few times/day) (usual steady-state operation)

) )
/ \ ( \

BR ramp time
(shape is unknown)
b S—

Collider energy
(Max 182GeV)

LINAC energy
(20 GeV)

<—— E
Collider filling Collider top-up interval
time for top-up | between e+ and e- (4 IP)

2 * collider filling time from scratch
(electrons and positrons)

n injections are needed
= 2 * # of BR ramps up to ¥z stored current
+ 2* #of BR ramps for bootstrap



E [GeV]

E [GeV]

200

175
150
1251
100+
754
50 4
25 1

0

200

1754
150

50 -
25
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Result for Z & W machines

~J
w
L

Probably the flat top time will be
Z increased to few seconds for Z.
=>» Significantimpact on the integral !
N O ! I N O O Y
0 100 200 300 400 500 600
WW
0 100 200 300 400 500 6

t (sec)

00

a (from scratch) = 1%
a (top-up) = 1%

a (from scratch) = 7%
a (top-up) = 2%

_ JE-Ey
fEtop - Einj
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Result for H & tt machines

200
1754
150+
1254

E [GeV]

100+
751
50 A I i

25

0 T
0 100

200

300

400

500

200
175

150

E [GeV]
=
o N
S un

|

ttbar

0 100

200

300
t (sec)

400

50¢

a (from scratch) = 25%
a (top-up) = 11%

a (from scratch) = 46%
a (top-up) = 13%

_ JE = Ey;
fEtop - Einj
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Implication for cryogenics

Cryogenic dynamic heat load is varying during ramp-up/down

1 Vio
12 leay

P n — acc
R (R/Q)th Eacc ‘

How cryo power evolves during the transient? If we assume that it is proportional to the square of particle energy:

. a for filling from scratch a for top-up mode
Machine
(Energy / cryo power) (Energy / cryo power)
z 1% /1% 1% / 1%
ww 7% | 6% 2% / 2%
ZH 25% / 19% 11% / 8%
ttbar 46% / 34% 13% /9%

* We must consider the filling from scratch mode
* The relationship between the energy cycle and the dynamic heat load could be refined
«  Allow to not oversize the cryo system.
*  Allow to better understand the dynamics.
* Next steps
*  Cryo team will perform some dynamic simulations to evaluate the impact of the filling from scratch.
«  Some additional helium buffers at the cryomodule level and at the refrigerator level could be mandatory.
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FOCUS ON RF POINTS
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12-May-23

RF Frequency [MHz]
RF voltage [MV]
Eacc [MV/m]

# cell / cav
Veavity MV
#eells
# cavities
#CM
+ #CM
- #CM
T operation [K]

dyn losses/cav * [W]
stat losses/cav * W1
Qext
Detuning [kHz]
Pcav [kwW]
energy loss / turn ** [MV]
cos phi
Beam current [A]

per beam

5.72

7214
56

19
R
5.8E+04
9.885
901
39.40
0.33

booster

0.3
8
3.1E+05
4.385
210
39.40
0.28

per beam

10.61

705
264

33
33
14

129
8
9.2E+05
0.575
378
370.00
0.35

booster

20.01

18 75

3
8
7.6E+06
0.140
89
370.00
0.35

2 beams

10.61

7 a5
578
264
66

129
8
9.1E+05
0.106
382
1890.00
0.90
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Updated RF heat loads for FCC-ee

booster

20.76

19 44

27
13

4
]
1.6E+07
0.012
47
1890.00
0.90

2 beams

10.61

795
528

YR

129
8
4.5E+06
0.009
78
10100.00
0.98

O. Brunner, F. Peauger

2 beams booster
20.12 20.10
18 R5 1R 83
2440 3000
122 150
122 123
23 3
R 8
4.2E+06 8.1E+07
0.056 0.002
163 8
10100.00

0.89



33CM @ 45K
11.4 m/CM

4 cavities/CM

8 cells/CM
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61CM @ 2 K
7.5 m/CM

4 cavities/CM
20 cells/CM

61CM @ 2 K
7.5 m/ICM

4 cavities/CM
20 cells/CM

#CM = 188

G006 COTTE G000 GIT00

33CM @ 45K
11.4 m/CM

4 cavities/CM

8 cells/CM

COOOE GO0 GO CTTTE

Diagrams not to scale
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i L3
1 center
#CM = 150

Booster CM

\ . 150CM @ 2K
e 7.5m/CM
4 cavities/CM \

20 cells/CM

Diagrams not to scale
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FCC-ee cryoplants at point L : staging Ve
i Ref. 2 IztbarRef 2K \\ //

S1/S2— [ (4.5 KW) ][ (4.5 KW) ]
z _ Symmetric
Z > W = - -
L J Ref. 2 K Ref. 2 K ttbar
(1 kW) 2 KW [ Ref. 2 K ][ Ref.ZKJO 1
(6 kW) (3 kW) P.
upgrade 1 upgrade 2 3 S3 or Asymmetric
Cryogenic heat load @ 2K (point L)
Ref. 2 K Ref. 2 K
o [ (6 kw) ][ Sl |OP- 2
&0 Symmetric
S 60 N -
é 4.0 pum—
2.0 — Lref. ttbar
L ref. 1.6 kW
0o wessr03kw i Y [ ] S4 - [ Ref. 2 K ]
z W H ttbar (9 kW)
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SURFACE NEEDS

FOR CIVIL ENGINEERING
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« Aboveground surface needs per point:

B. Naydenov, L. Delprat, B. Bradu, K. Brodzinski

Surface requirements for cryo

Estimations based on industrial studies for FCC-hh
@ CDR baseline and LHC experience.

Point A & G Point B & F PointD & J Point H Point L
ee (ttbar) hh Jee (ttbar) hh |ee (ttbar) hh |ee (ttbar) hh |ee (ttbar) hh
« Compressor station building| 430 4300 X 6400 6400 6400 3200 6400
E Cold box building X 400 X 800 800 800 400 800
° LN2 storage 42 42 X 42 N/A 42 42 42 42
& GHe storage 400 2000 X 2900 1620 2900 810 2900
E LHe storage X 1080 X 2200 X 2200 X 2200
v | Total aboveground 872 7822 X 12342 8862 12342 | 4452 12342
FUTURE CIRCULAR COLLIDER (FCC) - 30 Schematic ) SPS ottt LHe Storage GHe Storage
e iae ‘ | Surface buildings
: — P8
zsalsz Cold box
building
oy
LHC P8 total

cryo area of
about 4600 m2.

LN2 Storage

SCX8
(3862/2-009)

Control Room




Service cavern sizes -
Points B, F, Hand L

850 m2 for cryo.

Driven by FCC-hh
assumptions.

Accounts for cold boxes,
interconnection boxes
and auxiliary racks.

Does not account for
instrumentation which will

be located in: Level 0

» Alcoves (racks)
* Tunnel (crates)
FCC-ee cryoplants
should fit within.
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Surface requirements for cryo — Service Caverns

Level 2

EA

(

Additional 450m2
900m3)

\

Level 1

Additional 200rg2
{1200m3)

\\

Additional 200m2
(1200m3)

Cryo, 600m2
(3600m3)

60m

Bypass Tunnel

Elec Power, 150m2
{900m3)

C&V, 50m2

{(300m3)
Additional 100m2
(600m3)

Transport, 50m2

Cryo, 250m2
(1500m3)

Transport, 50m2

16m

25m

L. Bromiley



Surface requirements for cryo - Alcoves .,
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Instrumentation and Control — main alcoves requirements driver

Cryogenic control system and instrumentation:
« Sensors - in the LHC it manages more than 16000 sensors
(thermometers, pressure sensors and level gauges).
* PLCs running control loops, alarms and interlocks.
« Actuators:
« Control valves (analog), quench valves and pressure valves (digital)
— more than 3000 in the LHC.
* Heaters — more than 2400 in the LHC. /
Racks and crates house electronic cards for:
* reading the temperature, pressure and liquid helium level measurements
» supplying electrical power to the heaters
« reading the digital valves status
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Surface requirements for cryo - Alcoves

7 alcoves per sector (EDMS - 2822196)

16.5 m2 of surface in each alcove based on FCC-hh requirements.

It is assumed that crates will be kept next to the magnets where radiation is expected to reach
200 Gr/yr (20 — 200 times the LHC values).

R&D on radiation resistant ASIC chips and processors is required but deemed realistic.

No requirements coming from FCC-ee at this stage as instrumentation will be mostly located in
the Klystron galleries.

Space for a rack and margins to [ Sector alcoves schematic
open the door whilst a person is /" s
assing. / o _t601m
p g / f ’ ‘ —T —— Machine tunnel arc sector
IS ARG
2 : i : | Large Transport —— i B
& L ) Layby p/r,ﬁ Indicative alcove position
" =\
. '
v P
% r‘ Point D ——6/5

/

‘/ L. Bromiley yaoomss —/
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UTILITIES NEEDS

35
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Water- and air-cooling needs for FCC-ee cryo

« Air needs:
« Underground areas @ ttbar :
for pointL (1 * 9 kW @ 2 K installed)
for point H (2 * 10 kW @ 2 K installed)
« Surface areas @ ttbar:
for point L (1 *9 kW @ 2 K installed)
for point H (2 * 60 kW eq @ 4.5 K installed)

« Water needs:
« Underground areas @ ttbar :
for point L (1 *9 kW @ 2 K installed)
for point H (2 * 10 kW @ 2 K installed)
« Surface areas @ ttbar:
for point L (1 * 9 kW @ 2 K installed)
for point H (2 * 60 kW eq @ 4.5 K installed)

13 MW per cryo-point in the LHC

> \Waste heat recovery assessment to be started with CV.




