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= Lattice Quadrupoles
Quadrupole magnets to keep the particles in the beam

= IR Quadrupoles 4%
Quadrupole magnets to focus the beams v
in the Interaction Regions

Foousing magnets
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» Main dipoles to bend the beam
— Higher field =» higher particles energy

» Main quadrupoles to keep the beam together
 Corrector magnets to preserve beam quality

* Interaction Region quadrupoles to focus the beam
at Interaction points

— Higher gradients and aperture =» higher luminosity

Dariusz Bocian Superconducting accelerator magnets - a basic R&D on superconductors



‘iE Why superconducting magnets? ])

IF] PAN
»Iron dominated magnets limited by iron saturation at 2 T _ _
»Permanent magnets practically limited in the range 1-2 T Superconducting magnets are an enabling
> Copper (or Al) dominated magnets 50-100 T but for ms ! technology for high energy hadron colliders

LHC dipoles: 8.3 T
double aperture
cold yoke
operating at 1.9 K
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» Three parameters characterizing superconductor: Critical surface

PRI 246 9610 2B E3100a008008008006008000 () (A/m)B (T)

J (A/mm?)

- Critical current density

- Critical magnetic field

- Critical temperature PN
—1

i

operating point of the magnet beyond critical surface = QUENCH

A

TN

TLHe T

Accelerators: conductor temperature rise due to beam induced heat load
= QUENCH
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Accelerator operation scheme )
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HEAT
BEAM LOSS |:> DEPOSIT |:> :> BEAM
IN THE COIL DUMP

—  Current LHC: 10W/m — Thermodynamic shocs
— LHC upgrade: — Reduced discovery potential of
50W/m LHC

~_
4 N

CYCLING
RECOVERY
e FILLING
I:> RAMPING I:> COLLISIONS
(1-3 cells ~ 5h
SQUEEZING
>14 cells ~ 48 h) -
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Heat load in the LHC magnets )
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& Particles from proton-proton collision debris

@ Interaction of lost protons with collimators A heat transfer in the magnet

@ Physics processes — BFPP (ion beam case)

& Accidental beam losses
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D. Bocian et al., IEEE Trans. on Appl. Supercond.,19, (2009) 2446-2449;
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Enhanced cable insulation

Can we still exploit NbTi? TFTTAN
Strand diameter = 1.065 mm, cable width (bare)= 15.1 mm
El 1st layer 2nd layer 3rd layer
type (polyimide) (polyimide) (polyimide with adhesive coating)
EI #1 9 mm wide,1 mm gap 4 x(2.5 mm wide, 1.5 mm gap) 9 mm wide, 1 mm gap
= . 5 25.4 pum thick 75 um thick, 55 um thick,

\\‘ :‘\ \ \ \ \ \ El #1 wrap angle a, =71.68 deg cross wrapped with 50% overlap with 1% layer
1t and 3" layers wrap angle a; =71.90 deg

wrap angle a; =62.16 deg

9 mm wide, 1 mm gap 1 x(3.0 mm wide, 1.5 mm gap) 9 mm wide, 1 mm gap
EI #4 50um thick 75 um thick, 69 um thick,
::m \ \ \ \ \ \ \ \ El #4 wrap angle a; =71.68 deg cross wrapped with 50% overlap with 15t layer
1 1t and 3" layers wrap angle a; =72.0 deg

wrap angle a; =81.6 deg

Bibliography:

1. M. La China, D. Tommasini, “Cable insulation scheme to improve heat transfer to superfluid helium in Nb-Ti accelerator magnets”,
IEEE Trans.Appl.Supercond., Vol. 18, 2, (2008).

2. D.Tommasini, D. Richter, “A new cable insulation scheme improving heat transfer to superfluid helium in Nb-Ti superconducting accelerator magnets”,
proceedings of EPAC08, pp2467-2469, (2008).

3. P.P. Granieri, P. Fessia, D. Richter, D. Tommasini, “Heat transfer in an enhanced cable insulation scheme for the superconducting magnets of the LHC luminosity upgrade”,
IEEE Trans.Appl.Supercond., Vol. 20, 3, pp168-171, (2010).
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Enhanced cable insulation )
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Heat is transferred to helium bath through:
- superfluid helium

Superconducting - cable insulation
cable

Heat transfer to helium in
insulation layer 1

Heat transfer to helium in
insulation layer 2

Heat transfer to helium in insulation Kapitza resistance
layer 3
and further to helium bath
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Layer 2 He channel length
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L= T [ Wins (L)
(%] T o ; =arcsin| —————
COS(2—0£,_2 —ay;) N
L - helium channel length in insulation layer 2, Calculated winding angle
d, ., ;- distance between the helium channel in layer 1 and 3,
a,; - insulation wrapping angle of layer (i=1,2,3), L1 L2 L3
W;,s(L;) - insulation layer width (insulation tape width + gap
width) 71.68 62.16 71.90
h_;— cable width (15.1 mm + 2*insulation thickness),
Helium channel length in insulation layer 2
edge L1- edge L3 middle L1- edge L3 middle L1- middle L3
dig3= 4.0 mm 4.5 mm 5.0 mm
Heat flow in He channel layer 2 L= 5.15 mm 5.8 mm 6.44 mm
3,0E-01
2se01 . 1400 chanels L2 / He L2 channel cross-section: 1.5E-3 m x 75E-6 m = 1.125E
e 5 151E-01
20E-01 |  ====5.795E-01
— —6.439E-01
f 1,5€-01 Superfluid helium heat flux density calculation
< )/
LOEoL S'is helium channel cross-section in [cm?],
: 0.29
AL Q_ [X (T)-X (Th)} [ W } lis helium channel length in [cm],
- 2
0,0E+00 - - - - S I cm T. is the temperatures of cold channel end in [K]
0,0E+00 2,0E-03 4,0E-03 6,0E-03 8,0E-03 _ [1 [3 216_T ]2.5 ]
Q [Wichannel] X(T)=520-1-exp([3-(2.16 =T)[")| T is the temperatures of hot channel end in [K]
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‘iﬁ" Thermal - electrical analogy ])
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Kirchhoff stated as early as 1845 that:

“ Two different forms of energy behave identically when the basic differential equations which
describe them have the same form and the initial and boundary conditions are identical”.

The analogy of the equivalent thermal

circuit

Thermal circuit Electrical Circuit
T [K] Temperature Vv [V] \oltage
Q [J] Heat Q [C] Charge
q [W] Heat transfer rate i [A] Current
K [W/Km] Thermal Conductivity o [1/Qm] Electrical Conductivity
R® [K/W] Thermal Resistance R [V/IA] Resistance
ce [J/K] Thermal Capacitance C [C/V] Capacitance

The analogy between electrical and thermal circuit can be expressed as:

-steady-state condition Temperature rise < \oltage difference
AT = qR® < AV =IR
-transient condition Heat diffusion = RC transmission line
T \
ver —Rrece 9L = vy —rc Y
ot ot
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Enhanced cable insulation
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LHC enhanced insulation — Kapitza resistance )
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Kapitza resistance: A resistance to the flow of heat Copper - Hell
across the interface between liquid helium and a solid.
Ts _THe Ry =Vo- (Ts2 +Tf2) (T, +T;) [Km*W™] [4-6]
R ==
K
9% POLYIMIDE - Hell
L = edlh B e Theorerical: R~T257 Km2W-,0=65.51 Wm-2K-357
THe — helium  temperatur e RK:10.54E-3T‘3 Km2W-1,0=47.43 Wm=2K* [1]
_ RK:0.7E-3*T‘3 Km2w-1 [2]
% — heat flow per unit area
G10 - Hell
. . e Fiberglass epoxy - Baudouy&Polinski
Olggpltza Resistance ——— Kapton HN - Baudouy R=1462E-6T-186 Km2W-1,h, =239 Wm-2K-286 [3]
’ «= == Polyimide Nacher - CryoSoft Bibliography:
0668 10t €l 25 2 1. B. Baudouy, ,Kapitza resistance and thermal conductivity of
’ Cu-He - Kashani 550 Kapton in superfluid helium”, Cryogenics 43(2003) ,
Cu-He - R. Van Weelderen 900 2. Nacher PJ et al.,” Heat exchange in liquid helium through thin
0,002 plastic foils”, Cryogenics 32 (1992),
3 CurHe -R. Van Weelderen 1200 3. B. Baudouy, J. Polinski, ,Thermal conductivity and Kapitza
~ 0.002 resistance of epoxy resin fiberglass tape at superfluid helium
£V temperature”, Cryogenics 49(2009),
& 4. A. Kashani and S.w.Van Sciver, ,High heat flux Kapitza
0,001 conductance of technical copper with several different
surface preparations”, Cryogenics 25 (1985),
—_— 5. P.P. Granieri et al, , Stability analysis of the LHC cables for
0,001 transient heat depositions”, IEEE Trans. Appl. Supercond.,
- - - vol. 18, No. 2 (2008).
0.000 —_—.— e .- .- e .- - == 6. D. Camacho et al.,”Thermal characterization of the Hell LHC
1,50 1,60 1,70 1,80 1,90 2,00 210 heat exchanger tube”, LHC Project Report 232, 1998.
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Helium in the Network Model )
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large channel

Superfluid
"4 Helium

narrow channel

0”—o Nucleate boiling

FIRST RUN

Helium temperature/ Normal fluid B , matching
T=1.9/4.5 K E he"um p:‘]\ase -0 Helium —> O —O0 onvection '—'q algonthm
switc

o=@ Conductivity

0"—0 Convection

T>T. Gaseous
C {
1 Helium

o”=—g Conductivity
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Experimental setup )
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cable stack immersed in superfluid helium
« 150 mm active part long
28 resistive CuNiy 0, Strands 'S"fr?;'rrr‘]%_
(with the same geometry as the LHC cable 1) L b
canie
* Insulated according to EI#1 or EI#4 3 cables
. 5 cables
+ Sample cured according LHC cycle (80 Mpa, 190 °C)
Measurements performed under pressure
1.9K
30 MPa for EI#1 and 5 - 100 MPa for El#4
0’25 '___'I___T__—[___I___I___I___T__—I'__—I_—_I 300 ‘ij‘ ,‘ Order of applied pressure. Y
| | | | | | | | | | ik )
| ¢ | | 'g'..l 20} B e ™
020 ——+——+—%t——-— M Enhanced -+ - == < ¥ 4 i o
- le B el kg
Q L N ) A —h— 50 MPa
90,15 Tt —t——- SLHC Type B . g ¥ e
— | # | | | | | ] | | g t:° 9 - 5MPs i
I_ | | | | | | | | | . 1501 g s /
“ 0,10 -———JI-—:Jr———Il———:———:———{——iill——il———:———: ;:S;mo ;, ._,"Enhancedinsila‘rionEIM //
¢ | | | | . | | | | guoop Ay " el
| | | | | | | | | | £ i vy I
0,05 '———;’——T———|———|———i‘.‘|———|————|———|———| e gl ‘i:' J LHC M insulation r,,-/ Dt |
\d | | F L | | | | | s "
P A I R R D B o
0,00 I T T T T T T T 1 OM i i {
0 100 200 300 400 500 600 700 800 900 1000 0 100 oot p;‘ge e ?fr?gm - 40 500
P [mW/m]
E- 'I;timma:inti, D. Ricrﬂte_ré| ‘:\ Ir_1ew _cal;lls iTrl_suI==1tion Szhe;']e imPf°|Vi"9: < P. P. Granieri et al., “Heat transfer in an enhanced cable insulation
eat transter to supertiuid helium in Nb-T1 superconducting accelerator magnets™, : A H ”
proceedings of EPACOS, pp2467-2469, (2008) scheme for the superconducting magnets of the LHC luminosity upgrade,

IEEE Trans. Appl. Supercond., vol. 20, Issue 3, 2010
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Network Model - Validation

(EXPERIMENT )
Heat source heat CABLE measured
- quench heaters STACK —temperature —
-inner heating apparatus
-Resistive heating

VALIDATION

4 N
HEAT SOURCE | ,__. CABLE predicted
MODEL | STACK |~ A
MODEL
\ J
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fﬁ Enhanced cable insulation ])
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Numerical calculations results [F]DAN

L ——

B |
| |
| |
| |
| |
| |
0,20 +—————-F4———— - N |
| |
| |
|
|
T = i
b —o K=550, 150%S
|_
<010 f——* o E_ ~ —o_K=900 150%S
—o_K=1200, 150%S
005 - S e S = Enhanced
¢ LHC Type
0,00 i T T T T T I
0 300 600 900 1200 1500 1800

Cable should demonstrate better performance than measured!
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Enhanced cable insulation ])
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B Measurements El #1

------ He only, 50% He channel cross-section, 0_K=900

------ He only, 100% He channel cross-section, a_K=900
0125 T T T T T T T T T T T T T T T T T [ [ 1
| ;= | |
| 5 | | |
| na | |
— 020 g e .
- L i
~ | ‘'m | 3 |
<015 [ . M
' e o |
L | |
| : | | |
0,10 B L & S .
. | | |
| R | | |
. | | |
0,05 4———————————- . e e .
- | | |
I ; ; i
0,00 g --co i | | |

0 500 1000 1500 2000
P [mW/m]
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Enhanced cable insulation )
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B Measurements El #1

He+ Kapton, 50% He channel cross-section, 0_K=900
------ He only, 50% He channel cross-section, a_K=900
------ He only, 100% He channel cross-section, o_K=900

e He+ Kapton, 100% He channel cross-section, 0_K=900
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Enhanced cable insulation El#1 ])
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R — —— — —— — —————

-4+ ____]
I
I
I
I
I
I
I
4

B EIl#1 measurements

«+++ 50% reduction; He only

—=050% reduction; He + polyimide

| = =Noreduction; Heonly

= No reduction; He + polyimide

0 500 1000 1500 2000
Power [mW/m]

2500

3000
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‘iE Enhanced cable insulation ])
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A s Tt
200 -
+ EI#4 measurements at 25 MPa
—150 |- T N Y = EI#4 measurements at 50 MPa
X | | | | i
£ - EIl#4 measurements at 100 MPa
Z 100 4 [/ __________ —28% reduction; He + polyimide
—56% reduction; He + polyimide
50 & A —66% reduction; He + polyimide
—No reduction; He + polyimide
0 - i

0 100 200 300 400 500 600 700 800 900 1000
P [mW/cable]
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Enhanced cable insulation )
ANSYS model (C. Lorin) TFTTAN

Microchannel Upper layer

58%

Lower layer

2

Half copper wires — o 4 = S I 32%
< . 58%
The ANSYS model shows that the cross-section IR——
of the channels is strongly reduced, i.e., i
by 20 to 60% depending on the applied pressure, " 49%
Insulation El#1 El#4 7= 52%
Load (MPa) 30 60| 100 25 50 100
8 0,
Average 22% | 33%  42% | 20% | 39% | 54% E 58%
Maximum 30% | 61% | 62% | 25% | 52% | 61% . H »

Network Model | 50% | - - 28% |56% | 66%
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Summary
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025* ””””””””” | L e B 1 250' """ T ===~~~ —7 | r-="~""r-""~="7~"~"~="7"°A~-"~"~°—-° | r-=-=-=1
[ ] | . | | | | | | | | | 1 1 1 1
] ! | | | O R S A
| | | | | 1 1 1 1 1 1 1 1 1 1
020 W e ‘1]””‘ ,,,,,,, S | 200 4----- R YR Y Y A S S oo bl
1 . K 1 ] - ! - -
} } } } } H H H ! A EI#4 measurements at 25 MPa
[ | / [ [ [ H H H i
| | | | [ ] El#4 measurements at 50 MPa
I R . A A S N S S 150. _____ Lo e d e e e - -~ - -y
Q 015 i i | 4‘ ﬁ‘t 4 E : : : [ ] El#4 100 MP:
X l é | | 1 measurements at a
= : ! , l B El#1 measurements = : : : ‘ N
< | o | . < | I R SR ¥ &Y Y AT | 28% reduction; He + polyimide
0.10 -~ <f--—--- " -+ 50%reduction; Heonly 100 : : : :
‘ / ‘ . .. ! ! ! ! 56% reduction; He + polyimide
A 4 | | ===50% reduction; He + polyimide | | | i
Y I I ! ! | 66% reduction; He + polyimide
| | - 50 T —"~——- T~ P L &
0.05 g = =Noreduction; Heonly ! - -
} } H H i No reduction; He + polyimide
/ | | = No reduction; He + polyimide ! | | —
| | - - - 0 t t t t t t t t |
0.00 ‘ ‘ ‘ ‘ ‘ 0 100 200 300 400 500 600 700 800 900 1000
0 500 1000 1500 2000 2500 3000 P [MWi/cable]
Power [MW/m]

= Enhanced insulation studies completed

= Model validation performed

— One fitting parameter (channel geometry and cross-section)
— Agreement with measurements when He channel sizes reduce by 50%
— Model checked with ANSYS simulatons
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Conclusion
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025* **************** | L e B 1 250 +---- T ===~~~ —7 I r-="~""r-""~="7~"~"~="7"°A~-"~"~°—-° | r-=-=-=1
[ ] | . | | | | | | | | | 1 1 1 1
J ! | | | A
| | | | | 1 1 1 1 1 1 1 1 1 1
0.20 - | 0] | | 200 b
””””””” A S ! i - -
} }I } } } H H H ! A El#4 measurements at 25 MPa
1 1 1 1
0.15 - 773 7777777 )7[ 77777 4} 7777777 Jt 7777777 j 150 - - - ]'_____J' ________ :_____:_ B El#4 measurements at 50 MPa
—_ | N I \ I < i i i
| [ ] El#4 100 MP:
=3 | /l ® El#1 measurements § | | I measurements at 100 MPa
Z o | /. | . < ______:______:__ A _ ______:_ 28% reduction; He + polyimide
0.10 - o7 -+ 50%reduction; Heonly 100 : : : :
‘ / ‘ . .. ! ! ! ! 56% reduction; He + polyimide
A 4 | | ===50% reduction; He + polyimide | i | i
0.05 Y y } d | 50 4 -—-- 1'_ ___________ :_ I :_ 66% reduction; He + polyimide
B B e A" i = =Noreduction;Heon ' ' i
} i y H H i No reduction; He + polyimide
/ ! | = No reduction; He + polyimide ! ! O
| | - - - 0 t t t t t t : : |
0.00 ‘ ‘ ‘ ‘ ! 0 100 200 300 400 500 600 700 800 900 1000
0 500 1000 1500 2000 2500 3000 P [mWicable]
Power [MW/m]

BUT

Better heat transfer = quench protection problem

And this is a subject for another story
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