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Nicolas BAZIN

Tutorials of the 215t International Conference on Radio Frequency
Superconductivity (SRF 2023), June 24t 2023




Outline

The goal of this tutorial is to describe some of the options available to the cryomodule designer, focusing on
things that guide the design process and ultimately lead to a design choice.

This is an introduction to cryomodule design. It is not possible to cover all the details in 90-minute lecture.

Topics discussed in the tutorial:

m Heat transfers — heat loads

m Thermo-mechanical design: cold mass supporting system, thermal shield, vacuum vessel
m Magnetic shieling — magnetic hygiene

m Safety: pressure vessel

Topics not discussed: cryogenics and piping, alignment, instrumentation, manufacturing, assembly, quality
assurance & quality control, transportation ...
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Cryostat - Cryomodule

m Cryostat
m From cryo meaning cold and stat meaning stable.
m Device used to maintain low cryogenic temperatures of samples or devices mounted within the cryostat

Cryostat (in red) for ultra-stable cryogenic clock C
ITER Crvostat ’ ryostat for the camera of the
4 developed by FEMTO-ST European Southern Observatory
June 24t 2023 4
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Cryostat - Cryomodule

m Cryomodule

m Cryostat that houses one or several superconducting RF (SRF) acceleration cavities
m May also house one of several superconducting magnets to focus the beam
m Section of a particle accelerator

m Funtions of a cryomodule

m Cool down and keeping the superconducting cavities at their operating
temperature (2K or 4K) while limiting the heat loads as low as possible

(thermal efficiency) f,ﬁ?,f ;(a:ri:‘{( -
m Mechanical housing of the superconducting cavities with respect to the
alignment requirements given by the beam dynamics Vacuum

Vessel
300K

Mechanical and thermal functions often conflicting T?ﬁ-’“,’j"
e
‘ The design of a cryomodule is a trade-off between several constraints 50K to 80K
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A Wide Range of Cryomodules

Type of cavity

m Elliptical: ESS, XFEL, LCLS-II, ARIEL, SNS, PIP-II ...

m Half-Wave Resonator (HWR): FRIB, IFMIF, SARAF, ISAC, ATLAS ...

m Quarter-Wave Resonator: Spiral 2, FRIB, HIE Isolde, SRILAC ...

m Spoke: ESS, PIP-II ...

m Crab: CERN ...

Operating mode

m Pulsed: ESS, XFEL, SNS ...

m Continuous wave (CW): IFMIF, SARAF, LCLS-Il, SRILAC ...

Operating temperature

m Helium bath around atmospheric pressure (T,,= 4 K): IFMIF, SARAF, SRILAC
m Superfluid helium (T, = 2 K): XFEL, PIP-II, LCLS-II, FRIB ...

Support of the cold mass: posts, baseplate, tie rods, spaceframe, strongback ...
Insertion mode of the cold mass inside the vacuum vessel:
m Top loading: SARAF, HIE Isolde, ARIEL, ATLAS ...

m Side loading: IFMIF, XFEL, PIP-II, ESS ...

m Bottom loading: FRIB

m “Clam Shell”: SRILAC, Spiral 2

SRF
2023 Nicolas BAZIN - Tutorials on Cryomodule Design




A Wide Range of Cryomodules

m In spite of this variety, all the cryomodules contain many common
features:

He valve (x2)

Vacuum vessel
Thermal shielding (one or two shields)
Magnetic shielding (one or two layers)
Cold mass supporting system
Cryogenic piping

Beam vacuum gate valves
Instrumentation and cables
Pressure relief devices

Instrumentation
ports

Rupture disk

Cold/warm
Transition
(x2)

Hanging
system

Coupler

Magnetic

shield Door knob

Supporting jack
(3)

Vacuum valve Vacuum vessel

‘@

SRF
2023
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(x2)

ESS cryomodule

Vacuum Vessel

Thermal Shield (80 K) %

Vacuum Port

Bottom Plate < [-L=:

Liquid He Tank

Cold Mass

SRILAC cryomodule

Nicolas BAZIN - Tutorials on Cryomodule Design

Thermal
Shield

Magnetic

Shield Vacuum Vessel

Cover

Coldmass

Alignment
Support .

Vacuum Vessel
FRIB Bayonet Base Plate

Connections

Alignment holder

Suspension Bracket

Support post Vacuum Vessel
Pressurized 2 K
Helium Gas Return Pipe helium feeding

Structural Backbone

5/70 K gas forward

5/70 K shield cooling Invar Rod

Thermal

shields Two phase flow

Coupler port

XFEL cryomodule
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What is the optimal temperature of a superconducting
linac?

LOW ENERGY LINE

“As a rule of thumb it is preferable to reduce the BCS contribution as low as the residual resistance”
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What is the optimal temperature of a superconducting
linac?

For low frequency superconducting linac, it 10° ==
could be interesting to operate the cavities 5
around 2 K in some cases:

m Even the extra purchase costs of the
cryogenic system and a more complex

1000 |-

100 =

cryogenic circuits for the cryomodules,
the long term integrated operating cost & __
could be less with a large number of -5§ 10 &
cavities o

m Helium bath more stable 1

m Standardization of the cryogenic
distribution system all along the 0.1

superconducting linac

) N SR . W
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Introduction

m This section gives an introduction to heat transfers in a cryomodule.
m Heat transfers between the cryogenic fluids and the cavities is not discussed here.

m Details on heats transfers and material properties at low temperature could be found in the following
lectures given at CERN Accelerator School on Superconductivity in 2013:

“Heat transfer and cooling techniques at low temperature”, B. Baudouy
https://cas.web.cern.ch/sites/cas.web.cern.ch/files/lectures/erice-2013/baudouy1.pdf
https://cas.web.cern.ch/sites/cas.web.cern.ch/files/lectures/erice-2013/baudouy?.pdf

m ‘Materials properties at low temperature”, P. Duthil
https://cas.web.cern.ch/sites/cas.web.cern.ch/files/lectures/erice-2013/apr262duthil.pptx
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Heat Transfers in a Cryomodule

m Conduction: heat transfer in solid or fluid at rest

m Convection: heat transfer by movement of fluid

m Radiation: heat transfer by electromagnetic wave Vessel

Outer conductor of power coupler, support of the cold mass, instrumentation
cables ...

Because of the insulation vacuum (<104 Pa — 10 mbar), the viscous gas
conduction is negligible

Because of the insulation vacuum (<10 Pa — 106 mbar), the natural convection is
negligible

Vacuum

Main sources: between the vacuum vessel and the thermal shield, the thermal 300K

shield and the cold mass Thermal
But don’t forget the direct line of sight between room temperature components and 50?(";:':0}(

the cold mass:
m From the antenna tip of the power coupler to the cavity
m From the viewports if alignment monitoring system is implemented

Nicolas BAZIN - Tutorials on Cryomodule Design June 24t 2023 13



Conduction

When a thermal gradient exists in a body (solid or fluid at rest), there is a heat transfer (without

Fourier’s law mass transfer) from the high temperature region to the low temperature region.

q is the local heat flux density (W.m2)
q=—-k(T)VT k(T) is the material conductivity (W.m2.K-1)

VT is the temperature gradient (K.m-")

TO 7:::o
= In 1D with constant geometry (example: tie rod or tube) = 5
dT A Thot
q (T~ Q L (T)
cold

In 1D with with
= In 1D with with non constant geometry [ k(t)dT is the thermal conductivity integral (in W.m-")

L q Thot —> important parameter since the thermal conductivity
0 J e _ k(T).dT strongly varies between room temperature and
A cryogenic temperatures

0 Tcola
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Conduction: Thermal Conductivity Integral

Thermal conductivity integrals are evaluated from a reference temperature Tger (1K in the tables below). Thus
conduction integrals of interest over a given temperature range is given by the difference:

T, REF

T, REF

[ k(T)dT = fk(T)dT— j k(T)dT

TH
L4
T C
T
jk(ﬂdf (W/m) Thermal Insulators
Temp. Tg
(K) G-10 Carbon
Polycarbonate (normalto ReinforcedPlastic,
Al Pyrex Glass Teflon (PTFE)  Amorphous Nylon  clothlay) Epoxy CRFP normal Mylar, PET
1 0 0 0 0 0 0 0 0
2 00302 000831 00226 000271 00148 00262 0.00709 000174
4 0.165 0.0646 0.079 0.0154 00901 0112 0031 00115
6 0.358 0171 0.143 0.041 0214 0212 0065 0.0342
8 0592 0.32 0214 0.0803 0.381 0322 0109 00704
10 0.857 0504 0.294 0.134 0.584 0438 0165 012
15 149 1.05 054 0337 119 074 0356 0309
20 22 172 0.849 0637 193 107 0622 0.57
25 299 247 123 1.04 278 143 0968 0885
30 387 33 166 1.54 374 182 139 1.24
35 488 42 211 214 48 224 187 163
40 601 515 26 284 595 267 241 2.04
50 859 7.16 366 447 848 362 368 2.89
60 17 929 484 6.29 112 467 526 38
70 153 15 6.1 83 143 579 713 474
77 18.1 131 703 979 167 663 862 542
80 194 13.8 743 104 177 7 932 572
90 241 16.2 884 127 213 83 12 6.74
100 293 18.7 10.3 15.1 252 971 15.1 7.79
120 411 2366 13.41 2004 33.61 12.86 22 9.96
140 M7 287 16.75 252 428 16.37 36 122
160 69.8 338 2029 306 526 2.1 403 1454
180 862 39 24 361 63 B9 512 16.91
200 103.8 442 279 418 739 79 62.8 1929
220 1222 494 32 475 851 32.01 745 269
240 1413 546 ¥3 534 968 3.1 864 2419
260 161.3 59.8 07 594 108.7 40.31 96 2659
280 1813 65 453 655 1209 4461 1111 289
300 2013 70.2 50 7.7 133.2 48.91 1241 3149

jk(r ydr — (W/m)

Temp. Metals and alloys

(K) X
58304 Cu-RRR=300 Cu-RRR=3[I'|Brass Constantan Manganin Inconrel 718 KMonel Invar-36 Ti-6A-4V |AI-RRR=3I} 6061-T6 5083-T0 Niobium

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0.0726 69 1.05 0183 0.124 0.169 0.241 0.0388 0174 428 3.46 1.06 0968 0.04
4 04 3560 345 6.07 1.31 0.773 0.901 146 0.276 0.804 214 177 5.61 10.9 0.27
6 1.02 8360 807 16 387 212 2.24 3N 0.819 1.78 501 414 13.7 46.2 0756
8 196 14900 1450 K 8.03 422 419 772 1.7 3.07 900 746 25.3 107 15
10 328 22800 2770 512 13.9 715 6.77 13 295 467 1410 118 405 192 25
15 851 46600 5130 128 38.2 186 16.2 336 793 9.91 3190 272 95.2 515 6.04
20 16.7 72900 8910 235 748 359 29.2 638 156 16.7 5590 487 173 932 11
25 281 95800 13500 370 124 597 454 103 26 247 8560 765 73 1360 17.4
30 428 115000 18400 525 184 896 64.3 150 391 338 11900 1100 395 1800 25.2
35 612 130000 23300 697 252 125 85 204 47 438 15400 1480 538 2220 344
40 829 140000 28000 883 328 166 108 262 729 54.8 18900 1900 701 2620 45
50 136 155000 36200 1280 497 260 158 391 17 79.4 25300 2840 1080 3340 704
60 199 164000 42900 1730 679 367 213 530 170 107 30500 3900 1540 3970 101
70 271 171000 48400 2210 865 483 72 675 232 137 34800 5020 2050 4560 138
77 326 176000 51800 2580 997 569 35 781 281 160 37300 5830 2440 4960 167
80 350 177000 53300 2740 1050 607 334 828 302 171 38300 6180 2610 5130 180
920 436 182000 57800 3320 1250 739 401 985 379 207 41400 7370 3220 5690 228
100 527 187000 62000 3950 1440 877 470 1150 462 245 44200 8580 3870 6230 280.49
120 725 196200 70270 5330 1847 1165 617 1489 640 329 49240 11040 5280 7320 398
140 940 204900 78200 6860 2269 1467 775 1845 834 422 53830 13560 6820 8400 530
160 170 213300 86100 8500 2700 1781 941 2210 1040 522 58300 16130 8490 9490 673
180 1414 221700 94000 10240 3140 2107 1114 2600 1258 630 62800 18780 10270 10580 824
200 1667 228900 101800 |12080 3600 2447 1285 2990 1482 744 67300 21480 12170 11665 9833
220 1937 238200 109600 13950 4060 2797 1480 3400 1732 865 71800 24180 14170 12750 1150
240 207 246300 117400 16050 4530 3167 1680 3810 1982 993 76400 27080 16370 13840 1323
260 2487 254400 125100 |18150 5000 3557 1880 4230 2242 "7 80900 30080 18570 14930 1503
280 27T 262500 132900 20350 5480 3967 2080 4660 2502 1265 85400 33180 | 20970 16020 1687
300 3077 270500 140600 22650 5970 4397 2300 5100 2772 1415 90000 36380 | 23470 17119 | 18754




Conduction: Case Study

. ESS: cavity attached to the room temperature spaceframe thanks to tie rods
Spaceframe ring

—

m Rod length =490 mm
m Diameter = 6 mm

300K

Stainless steel: j kss304(T).dT = 307692 W.m™ 1!
2K

300K

Titanium grade 5 (TAGV alloy): f kraey (T).dT = 1414.82 W.m™*
2K

—

A Thot Stainless steel:  Q,x = 177.5 mW
Q= 7 j k(T).dT wm) -
Teold Titanium grade 5: Q,x = 81.6 mW

)

m In order to minimize the heat loads, titanium grade 5 is a better choice than stainless steel for the tie rods.
m Titanium grade 5 has also more advantages: better yield strength, non magnetic material.

Nicolas BAZIN - Tutorials on Cryomodule Design June 24t 2023 16



Conduction: Principle of Thermal Intercept

Spaceframe ring

em—

300 K 300K

80K

80K

|
T
o
o
3
3

300K

A
Qgox = I ] kraey(T).dT
Lsok

- 490 mm

<

2K
Thermal intercept 80K

A
Q2k =1 j kraey(T).dT
23K

m Without thermal intercept: Q,x = 8l.6 mW m With thermal intercept:

Nicolas BAZIN - Tutorials on Cryomodule Design

j kTA6V(T)'dT = 1244 W.m_l

—[ kTA6V(T)' dT - 1708 W. m_l
2K

QSOK - 2345 mW

QZK = 14.2 mW

QZK = 14.2 mW

June 24t 2023

It is possible to reduce the heat load by placing a thermal intercept
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Conduction: Principle of Thermal Intercept

300 K

80K r

11
L
|

2K

The optimal position x is obtained by minimizing the power necessary to evacuate the heat loads

intercepted at 2K and 80K, taking into account the Carnot efficiency:

W = Weox + Wak = Cgog- Qsox + Cax- Qak

Cost factors: Cgox = 20W /W  Cox = 750 W /W

4 K
150 |
300K |
A
Qsox = ; j kraey(T).dT s '
80K 5 190
=
a
- Without thermal intercept ;
a
80K S so ,/f
T
o

A
Q2 = I —x f kraev (T).dT
2K

0 0,1 0,2 ob 0.4 0.5 0,6 0.7 0,8 0,9

1

Sound engineering practice: x=—1L

Nicolas BAZIN - Tutorials on Cryomodule Design June 24t 2023
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Example of Thermal Intercepts

m Copper braids are usually used to connect the parts to be heat sunk to the thermal shield

m Flexible elements that can accommodate the difference of thermal shrinkage between the part and the

thermal shield
m Use of high purity copper to get high thermal conductivity

Copper braid Copper braid

Connection to the
vacuum vessel (300 K)

Thermal shield
(50 K)

Cooling pipe

Copper braid

Connection to the Thermal shield
(50 K)

Copperring brazed on
vacuum vessel (300 K)

the cold-to-warm
transition

Connection to the
vacuum vessel (300 K)

Tie rod
Cold-to-warm transition of the ESS cryomodule

SARAF — Phase 2

. SRF
2023 Nicolas BAZIN - Tutorials on Cryomodule Design

GRAND
RAPIDS

June 24t 2023
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Example of Thermal Intercepts

Example of cryomodules with two thermal intercepts

TTF type cryomodules (XFEL, LCLS-II, ILC) PIP-Il cryomodules
m [wo thermal shields: 70K and 5 K m One thermal shields at 50K

m Support of the cold mass connected to the two shields m 5K line as a low temperature thermal intercept (with
; liquid helium flowing in the pipes)

G11 tube

| > Aluminum plates

% 5K | 5K line
\\

50K o' : Thermal shield

Nicolas BAZIN - Tutorials on Cryomodule Design June 24t 2023 20




Thermal Intercept: Wires

m Wires for the instrumentation installed in the cryomodule (temperature sensors, heaters, motors of the cavity
frequency tuning systems, helium level gauge ...) must be heat sunk at intermediate temperatures.

m To ease the assembly or the maintenance (change of a sensor or actuator) internal connectors and extension
cables could be used.

Thermal intercept
(if necessary)
A

r Al

= L\ﬂ - _ = LAH = ‘ }

| |
\ ] Extension cable with Sensor, heater, ...
| connectors on both sides with its connector

Instrumentation port with
vacuum feedthroughts

SRF
g 623%35 Nicolas BAZIN - Tutorials on Cryomodule Design June 24t 2023 21




Thermal Intercept: Wires

m Wires can be heat sunk on the thermal shield using
glue, aluminum tape or clamps. SARAF Phase 2
Wires clamped between two plates,
XFEL use of vacuum grease with copper

powder to increase the contact

Use of aluminum tape

Spiral 2 — Cryomodule A

Wires glued to the thermal shield
using thermally conductive epoxy
encapsulant (Stycast)

Ml S RF
=2y N 2023
e RAPIDS
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Conduction: Contact Resistance

Contact between surfaces is not perfect > made only at discrete locations,
not over the full areas.

This induces a temperature drop at the interface, resulting in the thermal contact
resistance.

The contact resistance depends on the materials, the surface roughness, the
metal oxide film, the external force, the temperature ...

m Reduces with increasing force
m Increases by several orders of magnitude from 200 to 20 K
m Modeling is very difficult, the use of experimental data is recommended.

Sound engineering practice: 20% of the total gross area of
the contact transmits the heat

Reducing the contact resistance:
m Insertion of conductive and malleable fillers (grease, indium or coatings)

m Strong tightening. If screws, use of Belleville washers (spring washers) to
accommodate shrinkage of the materials at cold temperature

Nicolas BAZIN - Tutorials on Cryomodule Design

-
~——— body T

EEEERTEREEE

temperature profile

F
microcontacts macro constriction
constriction resistance resistance

Picture taken from “Research Progress of Thermal
Contact Resistance”, Pan X., Cui X,, Liu S. et al., Journal
of Low Temperature Physics 201, 213-253 (2020)
https://doi.org/10.1007/s10909-020-02497-0

He DEFLECTION
] - - LOAD

Principle of the Belleville washer

June 24t 2023 23
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Radiation

m Radiation: heat transfer by electromagnetic wave.
m All surfaces emit thermal radiation.

m The emitted radiation will strike other surfaces and will be partially reflected, partially absorbed, and
partially transmitted.

®.: emitted radiation
®.: incident (received) radiation
®,: reflected radiation

®,: absorbed radiation

SRF
623\%33 Nicolas BAZIN - Tutorials on Cryomodule Design June 24" 2023 24




Radiation: Calculation

m Heat balance from surface A1 to surface A2:

o(T — T with: o =5.67x10"8 W.m? K~* Stefan-Boltzmann
A,T,E, T2 =7 "¢ 1 1—¢, constant
dA, €141 A1Fp 0 &4, F;,: view factor
02X, €: emissivity of the material
S\ n
) it o L[ [t

Al T[Sz
\:]-Al& \ A1 AZ
Al,Tl,EI

View factor can be difficult to calculate due to the complex
geometry of cryomodules

SRF
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Radiation

m In practice, simplified models can often be used

m Large parallel plates

AZI TZI EZ

ALT,E;

m Long concentric cylinders

7 AZITZIEZ
<( ( ( Al/Tllgl

N\

T, <T,
Ay =4,
Fi, =1

T, < T,
F12:1

Nicolas BAZIN - Tutorials on Cryomodule Design

_ UA1(T24 - T14)

1 1
st 1

_ UA1(T24 - T14)

1 1—82 A1
€+ €2 (Az)

June 24t 2023
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Radiation

m Itis also possible to use tables giving heat flux values

Emissivity Heat flux (W/m?)
Configuration 300 K 80K 20K
&€ & N2 N/ J
<80K <20K <4K
Black body - black body 1 1 457 2.3 0.009
Metal - metal
- Raw surface 0.2 0.2 51 0.18 7.10"
- Polished surface 0.1 0.1 24 0.083 3.10"
- Electropolished surface 0.03 0.03 7 0.024 1.10*
3
Black body - metal 1 0.2 91 0.46 2.10
1 0.03 14 0.07 3.10*

SRF
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Radiation: Emissivity

m Black body = an idealized opaque, non-reflective body
—> emissivity € = 1

m Real surface is not a perfect emitter and the emissivity has to be taken
into account

m Emissivity = ratio of the real surface to the blackbody radiation intensity
- £ = number between 0 and 1

m The emissivity of a surface:
m Decreases with temperature

m Depends on the surface finish: polished surface has lower emissivity
than raw surface

m Increases with oxidation, impurities, dirt

m Many data can be found in the literature

SRF
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AMBIENT
MEASUREMENTS

. |NEXTEL St St SAMPLE(084 £ 7%) {:: ANODOIP (0.7558%)

"y Aoty S AL ANOD O/P CWB (0.73 * 8%]

\ CWB (083 *8%) ~_ALANOD O/PFWE (072 £ &%)
NEXTEL ON AL (0.82 2 7%) “NEXTEL ON AL (0.69¢ 6%)

Al ANODISED CP (0.8 2 12°) NEXTEL ON StSt (0.6728%)
0.5E.  \[NEXTEL ON St.51.(0.82 11%,) NEXTEL ON St. St SAMPLE (067 £10%)
. ‘AL CLEAR ANODISED (0.78214%.) Al CLEAR ANODISED (0.67 £ B%)
AL« PROTECTIVE OKIDE LAYER
e (0.491 9%)

51,51 AS FOUND (0 34+ B.5%)

I~ SLSLSHOT BLAST(0.24%5%)

0.2+

T, AS FOUND (012 £ 11%) [~ SLSLSHOT BLASTAL MYLAR
Si. 51, MECH.POL (0122 8%} (0.18.25%)
Al AS FOUND (0.12 £16 s} —  SLSLSHOT BLAST (0.14% 6%)

.

= = |—  SLStLAS FOUND (0.12£5%)

ET‘; 0. _[SrSLELECT POL (0.12 1370

A O AL MeCcH. POL. (01:9%) Al .PROTECTIVE OKIDE LAYER

= 515t SILVER PLATED(0.092 £ 9%) (DTS~ e}

u St SUMECH POL (0074 £ 5%)

T~ AL ELECT POL.(0.075 29%.) ___SLSLELECT POL. (0.065 * 5%

~Cu. AS FOUND (0.062214".)
AL MECH.POL. (0058 6%,

[~ ~—Cu. MECH. POL {0.06 = 9 %) —
. St.5t. AS FOUND. Al FOIL(0.056213%)
S1.51. SHOT BLAST. ALUMINISED

MYLAR (0.05 £ 14%)
ALELECTROPOLISHED (0,036 £ 7%

CwWB COARSE WIRE BRUSH
FWB FINE WIRE BRUSH —  Cu.MECH.POLISHED (0.023£12%)
5B SANDBLASTED
Q/PF OPEN PORE

CP  CLOSED PORE
ANODBLACK ANODISED

[~ 51.5t SILYER PLATED{O.013 2 §%,)
— S1.5LAS FOUND- AL FOIL (0.0112 5%

0.01

AMBIENT TO 77K 77K TO 4.2k
Obert W., “Emissivity measurements of metallic surfaces

used in cryogenic applications” , Adv. Cryo. Eng. 27,
Plenum Press 1982 p. 293-300
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Radiation: Floating Shielding

m Considering two large parallel
plates with the same emissivity
€ and the same surface A

Warm Cold
q
AVAVAVe o
TW Tc

m Insertion of an intermediate
"floating” plate, same emissivity
€ and same surface A

Warm Cold
q; q,
N\N\> N\N\N\>
T T T

W C

The intermediate plates reaches an
equilibrium temperature T in such a
way that:

0]
22—¢

q1 = (42 = (va; - Tc4)

Tk — T8

T* =
2

Nicolas BAZIN - Tutorials on Cryomodule Design

m Insertion of n intermediate "floating” plates,

same emissivity € and same surface A

Warm Cold
ql qz q3 : qn CIn+1
U BV EAAYAVe : AWV BV [AVAAYe
TW T2 T3 Tn—l Tn Tc
n
d1 =42 =43 = - =(qn =(qn+1 = ¢
o
— T4- _ T4
1= n+12-¢ (Tw = 1c)
Temperature of an intermediate plate:
T — Tk
T4 = T4 + W—C
' ¢ i+1
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Radiation: Multi-Layer Insultation (MLI)

m MLI is based on the principle of floating panels

m MLI = multiple superposition of:

m A reflecting layer with low emissivity to reduce heat transfer by radiation (aluminum or aluminized
material)

m Insulating interlayer to reduce heat transfer by conduction between reflecting layers (mostly nest of
polyester or fiber glass)

Warm surface

Reflecting
layers ————

Insulating __
interlayers

Cold surface
Ruag Coolcoat 2NW

SRF
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MLI: Installation

m  With proper care during design and installation, MLI can reduce radiative loads to:

m 1 W/m? from room temperature to 80 K (30 layers, usually two blankets of 15 layers) .Value between 1.5 and 3 W/m?
is used to assess the thermal load on the thermal shield

m 0.1 W/m? from 80 K to lower temperature (usually one blanket of 10 layers)

Conduction
flux

| e L L L 1 )

0 10 20 30 40

Number of layers / cm

— __%g__ . NotOK
/ N\
S— S OK

Ml SRF
2022

:Radiation

Installing the MLI: some hints

m Do not compress the blankets - the optimum packing density is 20 — 25 layers/cm

m MLI blankets are usually not represented in the CAD model - do not forget them during the
design phase

m Consider differential thermal contractions with regards to the supports (thermal shield, cold
mass) = blankets must remain loose at cold

m But not too loose to avoid direct line of sight from the room temperature surfaces! Remember
that black body radiation is as high as 470 W/m?

m When joining MLI blankets it is necessary to avoid thermal short circuits, putting in contact
inner layers with the outer ones
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Radiation: Case Study

Vacuum vessel Cold mass
m Diameter: d,,,= 0.8 m m Diameter: d;,, = 0.5 m
m Emissivity: €, = 0.2 m Emissivity: €5, = 0.1
m Temperature: T\, = 300 K m Temperature: T, =4 K

The formula for long concentric cylinders is used to assess the heat loads for a 1-m cryostat unit length.

» Without shielding

. UACM (TI;LV - TgM) with AVV = T. dVV .
CM = ~
R ) Acw = T.dew = Com =58W
EcMm Eyv Ayy

» Addition of one floating shield

m Made of aluminum Trs = 266 K
m Emissivity: e = 0.1

s Diameter: drg = 0.65 m Qcm = Ups = 266 W

Nicolas BAZIN - Tutorials on Cryomodule Design June 24t 2023
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Radiation: Case Study

» Actively cooling the shield
s Temperature: T = 80 K Qrs = 70.5W

m Emissivity: ;g = 0.1 Qcy = 0.22W
m Diameter: d;g =0.65m

» Addition of MLI on the thermal shield Ars = 2.05m?
m 30 layers Qrs = Prs.Arg = 31 W
m Room temperature heat flux: ®+5 = 1.5 W/m? Qcy = 0.22W
» Addition of MLI on cold mass Acy = 1.57 m?
m 10 layers Qcy = Pey-Acy = 016 W
s 80K heat flux: ®gy, = 0.1 W/m? Qrs = 3.1W
> Summary Actively cooled Actively cooled Addition of MLI on
o | et et e | i
Thermal shield 26.6 W 70.5W 3.1W 3.1W
Cold mass 58 W 26.6 W 0.22 W 0.22 W 0.16 W
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Thermal Shield and MLI: Example
W @

Laboratoire de Physique
des 2 Infinis

Spiral 2: cryomodule B

MLI installed on the thermal shield

Thermal shield in copper with brazed

MLI installed on the cold mass: the
pipes for cryogenic fluid

two QWR and the cryogenic piping
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Heat Load Budget

m The heat load budget is required by the cryogenic group to define the characteristics of the cryogenic system (cryoplant +

cryogenic distribution system).

m Static and dynamic heat loads of the cavity, the power coupler and the current leads for the solenoid (if any) shall be

provided by the designers of theses systems

m Heat loads in a cryomodule:

m Static heat loads on the thermal shield

m Conduction: supports of the shield, thermal intercepts of
supports of the cold mass, the cold — warm transitions,
the pressure relief line, the outer conductor of the power

coupler (if any — RF off), the current leads (if any),
instrumentation cables

m Radiation from room temperature components

300K

Pressurereliefline

Vacuum Vessel

Viewport for alignment

monitoring system >

/

Cold —warm
transition

Thermal intercept

Coupler:

Thermal Shield

outer /

conductor

: Conduction from
room temperature

Nicolas BAZIN - Tutorials on Cryomodule Design

: Conduction from

shield temperature

Coupler:inner
conductor

Support for
cold mass

Radiation from

N>

NN

room temperature

June 24t 2023

Support for
thermal shield

Radiation from shield



Heat Load Budget

m The heat load budget is required by the cryogenic group to define the characteristics of the cryogenic system (cryoplant +
cryogenic distribution system).

m Static and dynamic heat loads of the cavity, the power coupler and the current leads for the solenoid (if any) shall be
provided by the designers of theses systems

m Heat loads in a cryomodule: Pressure relief line
300K \ Vacuum Vessel

m Static heat loads on the thermal shield Thermal Shield

Viewport for alignment
monitoring system >

m Static heat loads on the cold mass

n Co.ndu.ction: supports, cold — warm transitions, pressure MA> L

relief line, outer conductor of the power coupler (RF off), = ==

current leads (if any) , instrumentation cables Cold - warm ﬂ

transition

m Radiation: from the thermal shield, direct line of sight from Thermal intercept ﬁ

room temperature components (viewports, pressure relief

line, cold — warm transitions, antenna tip of the power Coupler:outer/ Comersimer Supmertior  Sumsortfor

COUpler) conductor conductor cold mass thermal shield

:> Conduction from :> Conduction from AN Radiation from A Radiation from shield

room temperature shield temperature room temperature temperature

SRF
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Heat Load Budget

m The heat load budget is required by the cryogenic group to define the characteristics of the cryogenic system (cryoplant +
cryogenic distribution system).

m Static and dynamic heat loads of the cavity, the power coupler and the current leads for the solenoid (if any) shall be
provided by the designers of theses systems

m Heat loads in a cryomodule: Pressure relief line
300K \ Vacuum Vessel

m Static heat loads on the thermal shield Thermal Shield

Viewport for alignment
monitoring system >

m Static heat loads on the cold mass

m Dynamic heat loads: cavity, outer conductor of the WY

power coupler (RF on), HOM coupler or damper, ot = =)
current leads of superconducting solenoids (if any) transition 1
m Details on the losses of cavity and power coupler are Thermalintercept 0

given in the tutorial lectures dedicated to these

Components Coupler: outer / Coupler:inner Support for Support for

conductor conductor cold mass thermal shield
:> Conduction from :> Conduction from AN Radiation from A Radiation from shield

room temperature shield temperature room temperature temperature

SRF
2023 Nicolas BAZIN - Tutorials on Cryomodule Design June 24" 2023 37




38

—
a 3
AN

(@]

(q\|

c Aml
(q\|

(]

C

T 5
M n
(@)

K7

()]

()]

] >
S

©

(@)

(o :
@)

n o

m s
(-

(@)

w

g lm

- g
E

QO OV 2
N

<L

h e F
()]

®©

(@)

_ )
D N

3




Introduction: Thermo-Mechanical Loads

It is mandatory to identify all the thermo-mechanical loads for each
component of the cryomodule as these ones could size them but
could also impact the alignment of the cavity string.

The thermo-mechanical loads come from:

m Different temperatures between two parts and thermal gradient in
parts

m Thermal shrinkage

m Thermal stress in material
m Insulation vacuum

m Pressure forces on the vacuum vessel
m Pressurized fluids in the cryogenic circuits

m Pressure forces on the cavity, in the pipes
m Mass of the components

m Mechanical stress and deformation of the supports and vacuum
vessel

2023 Nicolas BAZIN - Tutorials on Cryomodule Design

RRRRRR

Insulation

i Vacuum

Vacuum
Vessel

300K

June 24t 2023
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Thermal Expansion

m Materials expand or contract when subjected to changes in temperature. Most materials expand when they
are heated, and contract when they are cooled.

m The thermal expansion / contraction of solid is driven by the linear expansion coefficient a(T):

1dl
a(T)ZTd_T (K™)

m In practice, the expansion coefficient is computed from a reference temperature T, (300K):

Al
7 = a(DAT)

_. TReF
e l -

[}
Lt}

S—ET
<>

Al
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Thermal Expansion

S
2

Oxg
N
WT

no

Al/l (mm/m)

-6

50

100 150 200
Temperature (K)

Nicolas BAZIN - Tutorials on Cryomodule Design

250

TREF = 300K

— - = Stainless Steel 304L
Aluminum 6061-T6

Niobium

= = = Niobium Titanium

Titanium

= = =Titanium Alloy TAGV

Invar

——(G10 - parrallel to warp fiber

= = =310 - parrallel to fill fiber

—- = G10 - normal to cloth layer

300

Data from CryoComp Material
Database

June 24t 2023
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Thermal Expansion: Assembly of Different

Materials

m Compression of the invar part that
could lead to buckling

Part B: G10
\|/

m Strain in the G10 part

m |f stress over the yield stress: plastic
deformation, fracture

= Assembly made of two different materials:

m Room temperature setup
m Part A: stainless steel

0 Trer = 300K

——Stainless Steel 304L
Invar

——G10 - normal to cloth layer

0 50 100 150 200 250 300
Temperature (K)

For assembly of two materials with large difference in the expansion

These two cases must be avoided =) coefficient, bellows shall be used.
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Bellows

m Bellows are used in many places in a cryomodule as they have several advantages:
m They accommodate thermal expansion and contraction during warm-up and cool down.
m They allow some adjusting capability during alignment.
m They ease the assembly and make up small differences in pipe locations.

m Example of the ESS cryomodule:

AN

Bellows are like springs!

When extended or compressed from
its ’"relaxed” position, a force is
inducted, given by the Hooke’s law:
F = k.Al where k is the stiffness (in
N /mm).

Ml SRE
=2y N 2023
e RAPIDS

I Bellows between
two cavities

Bellows on the 2-phase pipe “ Wi | "ol \ o oY AW
R -:_\__‘-,-‘ = . T < 7 - ‘ 50 - I\ \\

Bellows on the cold to warm transition
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Bellows

m Bellows are also useful to limit the thermal load, as length of the thermal path is longer than a straight tube

m Case study 1: straight tube 300K
I j kss304(T).dT = 2727 W.m™1
m Internal diameter = 40 mm 80K
300 K 4K m [hickness = 0.15 mm 80K

J kss304(T). dT = 349.6 W. m_l
4K

80 K

45 mm 100 mm
145 mm Qgox = 1146 mW Qs = 66 MW

A 4 v

A A

m Case study 2: tube with bellows
80 K 80 K

Q80K=397mW
300 K H:Immm‘[]]mmmﬂ:] 4K mmp 300K[ :|4K
Q4K=35mW

d
<

A

[
»

v

@ 45 mm 100 mm 130 mm 195 mm June 24t 2023 44
145 mm

A A
v v




Supporting the Cold Mass

Requirements for the supporting system

- Heat loads from conduction shall be

m Thermal transition from the room temperature vacuum
as small as possible

vessel to the helium temperature of the cold mass
m Use of materials with low

thermal conductivity
m Long supports with small section

m Supporting of heavy devices

- High flexural stiffness to limit the

m Accurate and reproducible positioning to respect mechanical deformations

the alignment requirements ‘ m Use of Use of materials with low

thermal expansion (but often
with high thermal conductivity)

m Stiff and massive supports

The design is a trade-off between these conflicting requirements
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Supporting the Cold Mass: Some Concepts

m Bottom support

Vacuum Vessel

Supports

m Use of tie rods

m Antagonist tie rods

Vacuum Vessel

Tie Rods
e ~a
w»

Example: Spiral 2

@ Example: PIP-II, FRIB, SRILAC

m Use the Gas Return Pipe (GRP) as a backbone

Supports

m Use an intermediate structure:
the “spaceframe”

VVacuum Vessel

Supports

Nicolas BAZIN - Tutorials on Cryomodule Design

Vacuum Vessel

Example: XFEL, LCLS-II

m Use of a support frame attached to
the top of the vacuum vessel

Tie Rods Vacuum Vessel

.w.
Support Frame

Example: ARIEL,
IFMIF, SARAF
Phase 2
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Supporting the Cold Mass: Some Concepts

m Each concept has its specific advantages and drawbacks.

m The choice depends on many parameters:

the type of cavity

the assembly methods

the alignment process

transportation

the experience of the design and assembly teams

Vacuum Vessel

Vacuum Vessel
Vacuum Vessel

Supports

Supports

Nicolas BAZIN - Tutorials on Cryomodule Design

Supports

Vacuum Vessel

Tie Rods Vacuum Vessel

.w o
Support Frame
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TTF-type Cryomodules (XFEL, LCLS-II, ILC)

Supports

m The helium gas return pipe (GRP) is the backbone where all the cavities are connected.

m The GRP is fixed to the vacuum vessel thanks to three composite support posts: a fixed one, the
two others allowing sliding in the beam direction.

m Aninvar rod fixes the longitudinal position of each cavity.

m [o deal with the difference of thermal contraction between the stainless steel GRP and the invar
rod, the cavities are not directly fixed to the GRP but using sliding supports (C-clamps, that also

Vacuum Vessel

allow adjusting the vertical and lateral position during the alignment process).

Fixed bracket
2cm (fixed point of whole 2 cm

—_— - Dl
sliding bracket erycmsshale) sliding bracket

2.5mm

AL LD

Invar rod, 300 K -> 2 K shrinkage 0.4 mm/m: 6 m -> about 2.5 mm
GRP, stainlesssteel, 300 K -> 2 K shrinkage 3.1 mm/m: 6 m -> about 2 cm

Figure taken from “Fundamentals of Cryomodule Design and Cryogenics”, B. Petersen, SRF2019 Tutorial Lecture

More details on C-clamps in “Advances in cryomodule design and new approaches”, C. Pagani, SRF 1999, Berlin, Germany
http://accelconf.web.cern.ch/SRF99/papers/tha005.pdf

M SRF
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http://accelconf.web.cern.ch/SRF99/papers/tha005.pdf

FRIB Cryomodules (MSU)

Vacuum Vessel
m Bottom-up design for the six types of cryomodules.
m Rigid baseplate provides stable and reliable platform for the cold mass. @
m Cavities and solenoids installed on alignments rails using system providing stress free thermal
contraction with significant anti-rocking stiffness. L
m Alignment posts fabricated out of low thermal conductivity material (G10) support the rails system. Supports

2 K Heat Exchanger 2 K Circuit
4.5 K Circuit

55 K Circuit

Coldmass
Cryogenic Support Structure

Baseplate

Cavity mount 49
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FRIB Cryomodules (MSU)

m The alignment rail system is made of several modules, depending on the type of cryomodule.

m Each module is supported by 4 or 6 G-10 posts: one fixed, the others allowing sliding in one or
two directions.

£ = 0.085 QWR cryomodule B = 0.085 QWR matching cryomodule
3 segments 1 segments

B = 0.041 QWR cryomodule
1 segment

L = 0.29 HWR cryomodule
2 segments

B = 0.53 HWR cryomodule
3 segments

B = 0.53 HWR matching cryomodule
1 segment

Vacuum Vessel

Supports

Single sliding Double sliding
bearing mount bearing mount
G-10 post G-10 post

Fix mounted
G-10 post

More details in “FRIB Cavity and Cryomodule Performance, Comparison with the
Design and Lessons Learned”, S. Miller, presentation at the 19t International
Conference on RF Superconductivity (SRF 2019)
http://accelconf.web.cern.ch/srf2019/papers/wetea5.pdf

http://accelconf.web.cern.ch/srf2019/talks/wetea5 talk.pdf

Nicolas BAZIN - Tutorials on Cryomodule Design
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SRILAC cryomodules (RIKEN)

Vacuum Vessel
m Each cavity is supported by four pillars fixed to the base plate of the vacuum vessel.
m The pillars are made of low thermal conductivity material (G10) and are heat sunk on the thermal shield. @
m The cavity can move freely on the plates supported by the pillars. Rods push the cavity towards one
corner so that this one is at the right position after cool down. |

Liquid He Tank

O T e

Vacuum Vessel

\ el = A
| | f\f 4 =
I - ¥ ]
Thermal Shield (80 K) || )
Cold Mass -, ” l..
. "E [I
Ty, Y =15 -
Base Plate S 5 58 9
|
Vacuum Port

3 ‘ Power Coupler

i

Floor

More details in “Development of SC-QWR and its cryomodule for low-beta ion accelerators at RIKEN RIBF”, N. Sakamoto, presentation at the

19t International Conference on RF Superconductivity (SRF 2019)

http://accelconf.web.cern.ch/srf2019/papers/wetebl.pdf http://accelconf.web.cern.ch/srf2019/talks/wetebl talk.pdf
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http://accelconf.web.cern.ch/srf2019/papers/weteb1.pdf
http://accelconf.web.cern.ch/srf2019/talks/weteb1_talk.pdf

ESS Elliptical Cryomodules (CEA - CNRS)

Vacuum Vessel

m Spaceframe design similar to CEBAF / SNS cryomodules: the cold mass is attached to a
structure that remains at room temperature.

=

daceframe

m Jacks to position the spaceframe with the cold mass inside the vacuum vessel.
m Each cavity is attached to the spaceframe thanks to eight tie rods.

m Principle of antagonist tie rods, with preloading to compensate difference in thermal expansion
- no motion of the cavity in transverse direction during cool down.

Supports

m The longitudinal position (along the beam axis) is fixed by the power coupler.

Positioning optical devices
50K Thermal shiel

(aluminium) Biphasic He pipe

Trap door

(CTS access) Vacuum vessel

(stainless steel)

Hanging rods

Space frame (290K)
Positioning jacks

(St 120°) Guide rail and wheel
Coupler
Door knob and RF wave guide
Y MR S RF - .
= 20235 Nicolas BAZIN - Tutorials on Cryomodule Design June 24 2023 52




Thermal Stress

m Rod with one free end: the rod shrinks m Rod fixed on both ends: the rod cannot shrink, restricted
contraction “converted” to thermal stress a,,,,,,,

_, Trgr M Trer
: L ]

h — K = dﬁ T
Trer AL Trer Stress
_ AL with E = Young’s modulus of the material
Otherm =

E
L300 (in Pa or N/m?)

Application

m Principle of antagonist tie rods: as the four rods have the same length and are submitted to
the same thermal gradient, the induced thermal force cancel each other out and the cavity
does not move during cool down.

m |n addition to the strain due to the mass of the components and the preloading, the thermal
stress shall be taken into account when setting the section of the tie rods to be sure that the
yield strength is not exceeded.
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IFMIF-LIPAc cryomodule (CEA)

Tie Rods Vacuum Vessel

rd N

J U
Support Frame

m Cold mass suspended to the top of the vacuum vessel using 10 vertical tie rods made of
titanium alloy (TAGV).

m Due to the thermal shrinkage of the tie rods, the cavity string is positioned at warm 1.3 mm
below the beam axis.

m Atitanium frame supports the cavities and solenoids.

m Cavities and solenoids not directly fixed to the frame but to an invar rod that fixes the
longitudinal position. C-clamps are used (principle similar to TTF-type cryomodule).

m Four horizontal antagonist tie rods to position the cold mass in the horizontal plane of the
vacuum vessel.

Titanium rods

Vertical tie rod

Support frame

Invarrod fixed Invarrod Titanium frame

point
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Thermal Shield

Pressurerelief line

m Thermal shield(s) intercept the heat radiated from
the surfaces of the components higher than the
operating temperature of the superconducting Viewportfor alignment

monitoring system >

300K \ Vacuum Vessel

Thermal Shield

devices.
m It is also provides thermal interception for all W

penetrations (cavity supporting system, power Cold - warm ~ ':?ﬁ

couplers, cold — war transitions, cables ...). ronten

Thermal intercept

m There is always a thermal shield operating in the I

50_80 K range (depend | ng on the Cryogen |C Coupler: outer / Coupler:inner Support for Support fOt.’

conductor conductor cold mass thermal shield
system).
:> Conduction from :> Conduction from A Radiation from AN Radiation from shield

room temperature shield temperature room temperature temperature

m There is sometimes a second shield (or a low
temperature thermal source) in the 5-20 K range.
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Thermal Shield: Material Choice

m The material shall have a good thermal conductivity at the operating temperature of the shield - aluminum and copper are
usually used.

m For high temperature shield (50-80 K), there is no need of high purity copper.
m Aluminum: 1100 is the best, 3003-F and 6061-T6 could also be used.

m Other considerations: cost, weight, structural strength, attachment needs, ease of fabrication ...

1E+04

Temperature range
of thermal shield

1E+03

1E+02 )
Stainless Steel 316L - 304L

=+ = Aluminum 1100

Aluminum 3003-F

= = = Aluminum 6061-T6
1E+01

Copper RRR=50
Cooper RRR=300

Themral condutivuty (W.m™1.K?)

1E+00

SRF 1E-01
g 2023 : 1 10 1 June 24t 2023 56
= Temperature (K)




Thermal Shield: Design

Aluminum Shield
TTF Cryomodules

Copper Shield

Cooling pipe Spiral2 Cryomodules

m Possibility to use analytical models to quickly assess the maximum temperature, the thickness of the shield or
the location of the cooling pipes.

m FEM (Finite Element Method) analysis is used :
m For complex geometry.
m To check that local heat loads do no create unacceptable hot points.

m To study the cool down of the shield (transient analysis), taking into account the fluid mass flow inside the
cooling pipes.
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Thermal Shield: Analytical Calculation

m Analytical calculations on simple models could be used to assess the thermal gradient (if thickness is fixed) or
minimum thickness (if maximum gradient is fixed).

m Thermal gradient in a plate with an active cooling on one side:
t: thickness of the plate

AT = — with q: unifor heat deposition (W /m?)
k: average heat conductivity between T,,,;;, and T,,,,,, (W.m™ 1. K1)

Cooling channel

m Thermal gradient in an open cylinder with one active longitudinal cooling channel:
q

\i‘\fmax
________________________ -
D _qnl? with D: diameter of the cylinder

AT
‘ _________________________ v 8kt t: thickness of the cylinder

Tmin \

Cooling channel
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Thermal Shield: Analytical Calculation

m Cylindrical thermal shield with radial cooling channels:

AT, t: thickness of the cylinder and the end plates
g: uniform heat deposition on all surfaces of the cylinder (W /m?)
k: average heat conductivity between T,,;,, and T;,,q,, (W.m 1. K™1)

D R
E/_—\ """""" ‘k ”””” . . . qu
~—2 = Cylinder with fixed temperature on both ends: AT, = —
8kt
q ~~—> ‘ . L ql?  qDL
~> : P Tmin m Close cylinder with fixed temperature on one end: AT,= re At
Cooling channels L Tmaxl 2
AT - . qD
Y Toin 1 m Circular plate: AT;= Teht
L T
A
¥ m Temperature profile:

! » X
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Thermal Shield: FEM Study

m Thermal shield made of 4-mm thick aluminum 6061-T6
Example: SARAF Phase 2 cryomodule panels.

m In addition to the uniform radiative heat loads on every
panels, local heat loads where the thermal intercepts are
fixed (power couplers, cold — warm transition, tie rods,
current lead clusters, cabling).

m Time depend temperature of the cryogenic coolant fluid:
24 hours from room temperature to 50 K.

m Steady-state 27 hours after the start of the cooldown.

300 TIK]

< 8.86E+01
> 6.13E+01

250

200

Temperature of the cryogenic fluid in
the sheild piping (K)

Time (h)

24 hours after the start of the cooldown

27 hours after the start of the cooldown

3“’
A
N
ool
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Vacuum Vessel

Main requirements %

m Shall sustain the atmospheric pressure with vacuum
inside (generally in the 10 mbar range)

Insulation

_ mm) (v -
= Shall sustain the mass of the components N4
. . . Vacuum
m Shall sustain the internal overpressure in case of an Vessel
accident*® 300K

’

* A pressure relief device (PRD) is usually installed on the vacuum pressure to prevent overpressure. This is not the sizing scenario as the differential pressure is often
below 500 mbar.
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Vacuum Vessel

Secondary requirements

m Deformation on the connection points of the cold mass supporting system shall be small to limit the impact
on the alignment of the cavity string.

m Think about maintainability! Place trapdoors to access the components of the cold mass that could failed
and need to be replaced: motors of tuning systems, temperature sensors, heaters ... It prevents from
disconnecting the cryomodule from the beam line and the ancillaries systems and from removing the cold

mass from the vacuum vessel.

Cylindrical vacuum vessel Parallelepiped vacuum vessel

| PIP-1l SSR1 cryomodule (FNAL) DWQ cryomodule (CERN)
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Cylindrical Vacuum Vessel: Roak’s Formulas -

Buckling

m Formula to quickly assess the buckling pressure of a thin tube:

19. Thin tube under uniform lateral 19a. Very long tube with free d= 1 E
external pressure (radius of tube = r) ends; length [ 4123
—
Applicable when [ = 4.901"\'."; (Ref. 19)
19b. Short tube, of length /, ends Ef2 47 1 A\
4 held circular, but not other- q = 0.807 Ir 1';' (ﬁ) = approximate formula (Ref. 19)
wise constrained, or long
tube held circular at inter-
vals /
ST
t
20. Thin tube with closed ends under 20a. [Ends held circular ;
uniform external pressure, lateral E- 1 ne2 R
and longitudinal (length of tube = [; 1 rm 3 + [1 + (H—D ] (Refs. 19, 20)

radius of tube = r)

q

—
s
—-

LLE)
=

—= 10

. 272 123 (1—F)
1+§(E) n2[1+(:—i)]

where n = number of lobes formed by the tube in buckling. To determine ¢ for tubes of a given t/r, plot a
group of curves, one curve for each integral value of n of 2 or more, with [/r as ordinates and ¢" as abscissa;
that curve of thge group which gives the least value of ¢° is then used to find the g’ corresponding to a given

P
0.92F (Ref. 81)

Values of experimentally determined critical pressures range 20% above and below the theoretical values
given by the expressions above. A recommended probable minimum eritical pressure is 0.80¢".

N2 2
Ir. If 60 < (F) G) < 2.5(9 , the critical pressure can be approximated by ¢’ =

For other approximations see ref. 109

q' = critical pressure

v = Poisson’s ratio

E = modulus of elasticity
t = thickness

From “Roark’s Formulas for
Stress and Strain”, Warren
C. Young, Richard G.
Budynas, Seventh Edition

m In practice, vacuum vessel shall respect the pressure vessel regulation and local codes and standards shall be applied:
ASME Boiler and Pressure Vessel Code (BPVC) in North America, EN 13458-2 (Cryogenic Vessels — Static vacuum
insulated vessels), EN 13445 (Unfired Pressure Vessels) in Europe, CODAP in France ...

MEE SRE
2023
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EN 13458-2 (Cryogenic Vessels - Static vacuum
insulated vessels)

m The European Standard EN 13458-2 provides formula to assess in the critical pressure P, for elastic buckling and for
plastic deformation, depending on the vessel dimensions (diameter D, thickness s,, length of buckling ).

m The length of buckling [, depends on the geometry of the vessel and if stiffening rings are implemented.

Iy

Ly Stiffening rings

Stiffening ring
IR N e |
X J~ \§ x \vvwwa P TT T T AT / Dished ends
x__._i; I_(._.-.—) Qm v:’ )
Lozl . L]

m [he standard also provides formula to size the stiffening rings (minimum moment of inertia and area), the openings, the
ends (flat or dished), the nozzles.

m But the deformations calculated by the formula given by the codes and standards are usually higher than the acceptable
values for the connection points of the cold mass supporting system

Vacuum vessel for cryomodules = not only a cryogenic vessel as defined by the codes standards,
but also part of the alignment system of the cavity string.

m EN 13458-2 allows FEM analysis and provides the methodology and the stress categories (general primary membrane
stress, local primary membrane stress, primary bending stress, secondary stress).

SRF
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Analytical Case Study: PIP-1l LB650 Vacuum Vesse

m PIP-1I LB650 Vacuum Vessel:
m 1.2 meter diameter tube, 5.25 meter long. Material: carbon steel P355gh.
m Safety factor = 3 - critical pressure must be over 3 bar.
m Critical pressure for different length of buckling [, and vessel thickness s according EN 13458-2:
m Elastic buckling

N o MMMMM

m Plastic deformation

A B e

5.2 bar 5.0 bar 4.9 bar 4.7 bar 4.7 bar 4.7 bar

6mm |
 esbar eebw  Gsbr  63bar  63bar  62bar

8.8 bar 8.4 bar 8.2 bar 8.0 bar 8.0 bar 7.9 bar

13.1 bar 12.6 bar 12.3 bar 12.0 bar 12.0 bar 11.8 bar

m Discussion:

m 6-mm thick vessel if three stiffening rings equally distributed.
m 7-mm thick vessel with only central stiffening ring is possible.

m As it is difficult to implement a central stiffening ring due to the side and
top ports, it was decided to have two rings. Because of the other ports,
these ones are spaced by 3630 mm - minimum thickness = 8 mm.
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4.1 bar

8.2 bar 6.5 bar 4.6 bar 3.5 bar 3.0 bar
. 110bar  84bar  62bar  45bar  40bar  30bar
m 14.5bar  10.7 bar 8.2 bar 5.7 bar 5.1 bar 4.0 bar

l,=3630 mm
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FEM Case Study: PIP-11 LB650 Vacuum Vessel

Acceptance criteria: maximal deformation of the connection points
of the cold mass supporting system = 0.5 mm.

FEM analysis performed on the vacuum vessel (preliminary design)

m 8-mm thick vessel (minimum thickness given by analytical
calculations) = deformation over 0.5 mm

m 10-mm thick vessel to respect the
acceptance criteria et Deformaton 8-mm thick vessel

Type: Total Deformation
Unit: mm
Time: 2

2,31 Max
2,05

1,8

1,54

1,28

1,03

0,77
0,513
0,257

0 Min

T

Deformation over the
acceptance criteria
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ST 1,-3630mm |
——

Al .,

Connection points of the cold
mass supporting system

10-mm thick vessel

E: Static Structural
Stress Intensity
Type: Stress Intensity
Unit: MPa

Time: 2

271 Max

248

217

186

155

124

93

62

31

0,000101 Min
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Parallelepiped Vacuum Vessel: Roak’s Formulas

m Analytical calculation for preliminary design: use of the Roak’s formula on plate to determine the minimum thickness and
the location of the stiffeners.

m Formula to asses the bending stress ¢ and the maximum deformation y,, .-

: . — B ab® - ..
8. Rectangular plate, all #a. Uniform over entire (At center of long edge) o = 'ﬁ;f E = modulus of eIaSt|C|ty
edges fixed plate Boqh? xqh* t = thickness
; (At center) o = ztg and Vg =%
;’”’”Mfﬂj a/b 1.0 1.2 1.4 1.6 1.8 2.0 0o
a7
? E ) . B, 0.3078  0.3834 04356 0.4680 04872  0.4974  0.5000
IITLITATTI717f B 0.1386  0.1794  0.2094 0.2286 0.2406 0.2472  0.2500
% 0.0138 0.0188 00226 0.0251 0.0267 0.0277 0.0284

From “Roark’s Formulas for Stress and Strain”, Warren C. Young, Richard G. Budynas, Seventh Edition

m Then, perform FEM analysis to demonstrate that the design follows the codes and standards as defined by the pressure
vessel regulation.
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@ 628\%33 Nicolas BAZIN - Tutorials on Cryomodule Design June 24" 2023 67

RAPIDS




Analytical Case Study: SARAF Phase 2 Vacuum
Vessel

m Requirement on the maximum displacement of the power
couplers: below 1.5 mm with vacuum inside the vessel

1855 m Material: stainless steel 304L

m Maximum allowable stress: 167 Mpa

m Young’'s modulus E: 193 GPa

What is the minimum thickness of the vessel to respect
the maximum deformation requirement?

N

Interface with the
power coupler (x8)
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Analytical Case Study: SARAF Phase 2 Vacuum
Vessel

m Roak’s formula applied to a 1.85 m x 4.5 m
plate:

m 4, =243 > a=0.0284and f; =05 £,

m Plate thickness to respect the deformation
criteria =2 49 mm!

20
. 0 0
We I ht ~ 3: 2 ? O k ' 30 35 40 45 50 55 60 65 70 30 35 40 45 50 55 60 65 70
. N Thickness of the vacuum vessel (mm) Thickness of the vacuum vessel (mm)

m Vertical stiffeners equally distributed along the length:

e . = 12 stiffeners minimum for
O 2 =1.855 — a : a 6-mm thick vessel

10
5
0
— 0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

e
b > Number of vertical stiffeners

Minimum thickness (mm)

m Same method used to quickly define the thickness and stiffeners for the other panels of the vacuum vessel.

M SRF
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FEM Case Study: SARAF Phase 2 Vacuum Vessel

m Deformation due to an external pressure of 1 bar m Equivalent Tresca stress

[m]

< 1.92E-03
> 0.00E+00

[Pa]

1.84E+08

2;S0ECD S 1.68E+08

2.25E-03 1.53E+08

2.00E-03 1.38E+08

1.75E-03 1.22E408

1.50E-03 1.07E+08
9.18E+07
1.25E-03
7.65E+07

1.00E-03
6.12E+07

T.50E-04
4.59E+07

5.00E-04 3068407

" Beam axis Beam axis

2.50E-04

THy” -~

1.53E+07

0.0

m Elastic stress analysis performed according to the European Standard EN 13458-2. In some areas, stresses
locally exceed the maximum admissible stress. The linearization method given by the code is applied to check
whether this stress is acceptable or not.
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Motivation

m A superconducting cavity can trap magnetic flux while cooling down through transition, increasing the residual
surface resistance of the niobium.

m Reducing the residual resistance from trapped flux becomes increasingly important as cavity performances
improve:

Rl 2 Qp 1 2 Py | 2 Operating costs |

B=) |t is mandatory to protect the cavity against the ambient magnetic field

m Earth’s magnetic field

m Internal magnetic fields: magnetized components, field induced by focusing solenoids

m Residual field on the cavity: example of requirements

m LCLS-II specification (elliptical cavities — 2K)
Bies <5 MG (0.5 uT) to reach Qy > 2.7x10"° @ E ¢ om = 16 MV/m

m |IFMIF specification (half-wave resonator — 4K)
Bes <20 mG (2 uT) to reach Q; > 5x10° @ acc nom = 4-5 MV/m
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How to deal with Superconducting Solenoids?

m Solenoid if strong enough can drive the cavity in normal conducting state
m Solenoid can magnetically pollute the environment

m Solenoid can degrade cavity performance during quench through trapped flux

Possible mitigation actions

m Isolate the cavity from the environment - implementing a local shield around

the cavity
‘L = Minimize the fringe field of the solenoid = design of the solenoid with active
Cavity == Solenoid == Cavity Compensation

W m Choose material that are not easily magnetized - magnetic hygiene plan

m Degaussing procedure

More details in “Review of the Magnetic Shielding Design of Low-Beta Cryomodules”, R. Laxdal, presentation at the

16t" International Conference on RF Superconductivity (SRF 2013) 73
http://accelconf.web.cern.ch/SRF2013/talks/weiod01_talk.pdf
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Local Shield Vs Global Shield

Global shield
m High permeability nickel alloy mu-metal installed on the inner surface of the
Local (cold) shield . vacuum vessel and operates at room temperature
m Pros:
m Simplicity in the design and manufacturing
m Cons:

m Shields only the external field
m Size of the shield: assembled on the inner surface of the vacuum vessel

Local shield m Cold service special mu-metal (CRYOPERM or CRYOPHY) placed locally around the cavity
m Pros:
m Fringe field from the solenoid can be shielded in addition to the external field
m Shield much smaller
m Cons:
m More complex to design, fabricate and install

The choice between local and / or global shield depends on the specifications of the project
74




Examples

Focusmg Global Vacuum vessel

FRIB (MSU) QWR, HWR Carbon steel
Yes
SRILAC (RIKEN) QWR (inside the  Carbon steel
helium jacket)
XFEL Elliptical Yes Carbon steel
.y Yes _
LCLS-II Elliptical TWo | Carbon steel NOTE: because of the
bile) [ERte high magnetic permeability
IFMIF-LIPAC HWR Yes Yes Stainless steel ~ ©f carbon steel, a vessel
made of this material
SARAF — Phase 2 HWR Yes Yes Stainless steel helps the shielding of the
o _ external magnetic field.
ESS Elliptical Yes Stainless steel However it may require to
Yes demagnetize it.
HL-LHC (CERN) Crab Yes (inside the  Stainless steel
helium jacket)
PIP-II (FNAL) Spoke (SSR1) Yes Yes Carbon steel
PIP-1l (FNAL) Elliptical Yes Yes Carbon steel
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Global Shield: Examples

m Warm magnetic shield installed on the inner walls of the vacuum vessel - many interfaces between the
magnetic shield and the vacuum vessel that could cause trouble

More details in “CEA experience of low beta cryomodules”, N. Bazin, presentation at TTC 2014, MSU
https://indico.fnal.qov/event/12662/contributions/15273/attachments/10187/13101/CEA low beta cryomodule experience NBazin TTC2017.pdf

m The many apertures of the cryomodule are critical for the shielding, and overlap of mu-metal sheets is
mandatory.

m Be aware of the dimensions of the oven used for the heat treatment for the size of the panels.

IFMIF-LIPAC HL-LHC (DQW cryomodule)

2 mm thick mu-metal plates

m FEM calculation: 1 mm thick mu-metal
sheets are sufficient

m For mechanical issues, 2 mm thickness
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Local Shield: Examples

m Cold magnetic shield installed around the helium tank of the cavity.

m Openings not only for the ports of the cavity, but also for the connection of the tuning system and the supports of
the cavity (tie rods for ESS, lugs for C-clamps for XFEL).

m MLI could be installed between the helium tank and the magnetic shield that holds it in place.

ESS elliptical cryomodules XFEL

m 1 mm thick sheets

m 1.4 mm thick
sheets




Local Shield: Examples

SRILAC (RIKEN): magnetic shield installed inside the helium jacket between the niobium cavity
and the titanium tank

m Simple structure, easy to handle m Few and small openings (little bigger than the diameter of the ports of the cavity)
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Local Shield: Examples

FRIB: “local” cold magnetic shield that incorporate a group of cavities that are between two
solenoids (or one solenoid and one cold — warm transition) to be cost effective

Magnetic Shield

_ Magnetic Shielding

Coldmass

Cold Mass

B=0.085 cryomodule B=0.53 cryomodule

RAPIDS
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Demagnetization

m Cryomodule demagnetization addresses higher permeability materials.

m Example of the LCLS-IlI cryomodules: 1000 (T
Before demag, lower cavity equator
Before demag, beamline
. . | Before demag, upper cavity equator 1
m Demagnetization of vacuum vessel 50 -~ After65 A demag, over cavtycquatr
- - - After 65 A demag, beamline
- - - After 65 A demag, upper cavity equator:,
600 5

Magnitude of magnetic field (x10°! uT or mG)

400

200

20160512 LCLS-11 pCM Vacuum Vessel at MSB, SKC

L !
&0 1 2 3 4 5 6 7 8 9 1011 12

Distance from upstream flange (m)

. 50 F T T T T T T T T
10 'I‘umsper eter " s 405 = Cavity top = Work station 5 start
[ - 7 S o] & OuideHovesel = Afr domagntiaion More details in “Magnetic Field Management
Lo/ g g ¢ 1 for SRF”, S. Chandrasekaran, presentation at

: \\ _‘3 g 205 Demagnetization TTC/ARIES Topical workshop on flux trapping

5 5 10F . t and magnetic shielding, 2018
: u ] .. .
% =1 0; ‘ % | 3 https.//indico.cern.ch/event/741615/contributions/3179
50 S -10¢ x I : 886/attachments/1748967/2833006/20181108-
g 3-20: Saravan-TTC-Magnetic _Shielding.pdf
3 : Demagnetization Demagnetization g
= 0
s 3 B
S 40F :
= : ! -
Ty s 4 s s 7 s June 24t 2023 80

Cavity number
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Magnetic Hygiene Plan

m In order to proscribe presence of magnetized elements close to the cavity, a magnetic hygiene plan is
mandatory:

m l|dentification of the parts close to the cavities which could cause magnetic pollution.

m Material choices:
m Use of non magnetic materials whenever it is possible: brass, bronze, titanium ...
m If not, use of low magnetic permeability materials: stainless steel 316L or 316LN (better).

m During the manufacturing:

m Material specification and certifications.

m Incoming material inspection - procurement of “good” raw material is mandatory to achieve the required
final magnetic permeability.

m Inspection after manufacturing - manufacturing processes (cutting, welding, forming) could increase the
magnetic permeability. Annealing could be a solution, but the process must be qualified.
m During cryomodule assembly:
m Beware of the tools that could magnetized the parts > experience of LCLS-Il: table top demagnetizer
proved sufficient to demagnetize.

@ m Possible demagnetization of the assembled cryomodule (LCLS-II). Lune 245 2093 81
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Introduction

m 1 liter of liquid helium = 750 liters of gas at room temperature
m 1dm3(0.035ft3) @ 4.2 K> 750 dm3 (24.48 ft3) @ 300 K/ 1 bar

= In case of a sudden increase of heat loads, the pressure in the cryomodule could
dramatically raise if no pressure relief device is implemented (or if not properly sized)

m Cryomodule = equipment that contains pressurized helium

m) Must not be dangerous for safety and health of persons while being installed, in
operation or maintained.
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A
Example: LN2 dewar explosion at GANIL (ZOOW

m September 215t 2005, 7:30 PM: explosion of a 70-liter LN2 dewar

m Cause: safety device directly implemented on the dewar (old
equipment)

m Consequence: destruction of 200 m? of experimental rooms and
offices, no casualties
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Example: LHC, September 19t 2008

...~50 t of Iongitudinél;ﬁressure rce, ~50 magnets displaced ... : fr = '"'rooting of jacks

i

Taken from “Cryostat design”, V. Parma, CERN Accelerator School (CAS) on
Superconductivity, 2013

htto.://cas.web.cern.ch/sites/cas.web.cern.ch/files/lectures/erice-2013/may11and3parma.pptx

June 24t 2023

85


http://cas.web.cern.ch/sites/cas.web.cern.ch/files/lectures/erice-2013/may11and3parma.pptx

P bara

Example: XFEL crash test

Crash test performed at DESY on one XFEL-like 1.3 GHz cryomodule
Simulated accident: venting of a DN40 — DN100 pipe to air

Pressure rises from 2.5 to 20 bars in a few seconds (6s for a DN8O pipe)

25

5/8K
wgoa - 2 & -
20 :° .. .
& o . ¥ i
#40mm
®50mm 4 o o !
¢ ]
15 = 59,5mm :P .. ...
™ L]
®80mm S & e & ®
= @ L

# 100mm f d - . ®

10 F i o* 2
. g
L ] ° L]
o’ ! Taken from “Cetrtification of the XFEL cold linac and lessons learnt”,
- e S. Barbanotti, presentation at the 2021 International Workshop on
5 so®? Future Linear Colliders (LCWS2021)
https://indico.cern.ch/event/995633/contributions/4257524/attachments/220
8230/3736704/Barbanotti LCWS2021 XFEL-coldLinacCert _noVideo.pdf
Venting time, sec
0
0 2 4 6 8 10 12 14 16
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Licensing Frame

m The applicable standards for the design and manufacturing of pressure vessels depends on where the cryomodule
is installed and in operation:

m North America: ASME (American Society of Mechanical Engineers)
m Boiler and Pressure Vessel Code (BPVC) if the internal diameter of the equipment is over 6 inches (152 mm)
m ASME B31.3 for the piping (internal diameter < 6 inches)

m Europe: European Pressure Equipment Directive (PED) (2014/68/EU)

m Vessel’ means a housing designed and built to contain fluids

m ‘Piping’ means piping components intended for the transport of fluids

m Vessel: the category depends on the working pressure (PS) x volume (V) P S |

m Piping: the category depends on the working pressure (PS) x internal diameter (DN)
m Japan: High Pressure Gas Safety Law (HPGSL)

m State and local codes may also be applicable!
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Some Lessons Learnt

m The certification of the cavity is the most complicated:
m Niobium and niobium-titanium are non referenced materials in the pressure codes.
m Low yield strength of niobium at room temperature - limits the maximum allowable working pressure
(MAWP) due to the room temperature pressure test required by the codes.

m The certification of other components of the cryomodule is easier because of the use of standard materials
such as stainless steel and aluminum.

m In order to avoid delays and extra costs, it is mandatory to define the licensing frame at the early stage of the
project, with the requirements and the precise list of tests to be performed during all stages of the project.

m For the same reason, qualification procedures and tests must be anticipated in order to purchase the material
in addition to the one needed for the production.

Licensing of cryomodule installed in Europe, USA and Japan discussed at the 2021 International Workshop on Future Linear Colliders (LCWS2021)
(https://indico.cern.ch/event/995633/timetable/?view=standard)

» “Certification of the XFEL cold linac and lessons learnt”, S. Barbanotti

» “Licensing of pressurized cryomodule components manufactured in Europe and installed in Japan: example of the IFMIF/EVEDA cryomodule”, N .Bazin
» “SRF Pressure Safety at Fermilab”, A. Klebaner and S. Belomestnykh

SRF
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General Approch

The Maximum Allowable Working Pressure (MAWP) shall be set in accordance with the cavity and cryogenic
system designers.

Perform a risk analysis of the system and evaluate the risk hazards.
|dentify the accident situations and assess the heat inputs for each of them.

To size the safety relief system:

m Single failure principle is applied = for each identified accident scenario, a single accident-initiating event
and not several cumulative events

m Thus use the worst case for sizing

m Take into account the recovery system downstream the safety device: adopt a direct discharge venting to the
atmosphere whenever it is possible or use a wide diameter pipe to ensure that the pressure drop is
negligible
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Example of a Risk Analysis

Possible Cause Pressyrlzed Heat Loads Pressur.e Relief
devices Devices

6.2 kW/m? (if
Break of a connector or a seal on the . o surfaces of helium = Relief valve
. : Helium circuit . .
cryostat (vacuum loss with air) containers covered = Burstdisc
Loss of insulation with MLLI)
vacuum 2 (i
Break of cold mass bellows or thermal . .. 1.5 kW/m= (if :
) . = Helium circuit surfaces of helium :
shield hose (vacuum loss with cold : Relief valve
helium gas) = Vacuum vessel containers covered
with MLI)

P s
Break of the beam vacuum valve or .38 kW/m (a.lr ety Relief valve
in contact with the

power coupler ceramic (vacuum loss Helium circuit = Burstdisc
cold surfaces of

with air) . :
helium containers)
Loss of beam _
vacuum = Relief valve and
Perforation of a cavity or a solenoid. : L burst disc on
- : o = Helium circuit ) L
Liquid helium flows inside the beam helium circuit
= Beam vacuum )
vacuum. = Burst disc on the
beam vacuum
Excessive heat Dynamic heat loads, solenoid or cavity = Relief valve

loads quench, control malfunction SUITD e = Burst disc



91

™
N

)

Y

‘mu

2

®

C

-}

3

o n
je2

0

o

] Q
Q

S 2
S

s)

£

S

>

u O

c

I ©
n

©

S

>

T

n m
N

o ;
m

(2}

WY

Q

0

c N




Summary

A cryomodule with superconducting cavities is not a simple cryostat, but is challenging due to cleanliness and
alignment requirements.

Cryomodule design requires a close collaboration with the other systems: cavity, power coupler, cryogenic
distributions system, ancillaries ...

For high intensity hadron machine, it is even more challenging because of the compactness of the design due
to beam dynamic constraints: the distances between the components of the cavity string are made as short as
possible.

To conclude, the cryomodule engineer is confronted with a multidisciplinary environment where he needs to
master “a little bit of everything”:

m RF superconductivity

m Heat transfer, low temperature physics, material sciences

m Mechanics, cryogenics, vacuum

m Sheet metal work, machining, welding, brazing

m System integration, quality assurance, clean room process, alignment

m [nstrumentation
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Some References

m Previous SRF Conference Tutorials:

m SRF 2019:  Fundamentals of Cryomodule Design and Cryogenics, B. Petersen
http.//accelconf.web.cern.ch/srf2019/talks/satu3_talk.pdf

m SRF 2015:  Cryomodules and Cryogenics, J. Weisend
https://meetings.triumf.ca/event/0/contributions/16/attachments/3/4/Weisend SRF Tutorial Part 1.pptx

https://meetings.triumf.ca/event/0/contributions/16/attachments/3/4/Weisend SRF Tutorial Part 2.pptx

m SRF 2013: Cryogenics, H. Nakai
https://indico.in2p3.fr/event/9782/contributions/50512/attachments/40906/50683/01 - cryoqgenics - Nakai.pdf

m CERN Accelerator School ( https://cas.web.cern.ch/ ):

m 2017: Vacuum for Particle Accelerator
m 2013: Superconductivity
m 2011: High Power Hadron Machine

m TESLA Technology Collaboration Meetings ( https:/tesla.desy.de/meetings/collaboration meetings and ttc workshos/ )

m Proceedings of accelerator conferences on the Joint Accelerator Conferences Website (JACoOW - https://jacow.org/ )
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Thanks for your attention
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