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Outline: Superconducting Final Focus Magnets
at ILC and Future Colliders

** IR Magnet® and MDI Lessons from Previous Work
 HERA-II / BEPC-II IR Magnets and MDI

* |[LC Final Focus Magnets and MDI

* SuperKEKB IR Corrector Magnets and Cancel Coils

NG

*%* Some Future IR Magnets and MDI Considerations
 BNL Electron-lon Collider (EIC) IR Magnets
* CERN FCC-ee IR Magnets

TFor present usage “IR Magnets” includes Final Focus quadrupoles, Beam Separation Dipoles,
Solenoids/Anti-solenoids, Corrector Magnets and External Field Cancel Coils.
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HERA-II / BEPC-II IR Magnets and MDI: Designs
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* For HERA-II IR magnet production we applied BNL
ultrasonic coil winding technology to fix the super-
conductor directly to a support tube.

: : g o * Fiberglass wrap provides prestress yielding a very
Design, Build and Test Magnets in "Mini" Cryostats  compact coil structure with no external collars.

Vacuum Flange Connection
to Experimental Beam Pipe

Minicryostat

Endcan

 SS-keys in G10 slots centered cold mass in cryostat with compact size but cold spots (i.e. heat load).

* Dipole coil in solenoidal field generates torque; this caused magnet center to move during ramp.
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HERA-II / BEPC-II IR Magnets and MDI: Designs

Unlike HERA-II, the BEPC-Il magnets have For BEPC-Il we have just over 25 mm 1/2 BES-1lI Detector WIth Antl-SoIenoul 120 TAsT ]
inner/outer gas cooled heat shields plus : 115t
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. * For BEPC-Il we invented Serpentine winding
. ABEPC IR Magnet = cheme (production efficiency/other benefits).

» Add heat shield / lower heat leak (green field).
| » Add local (e.g. SCQ)/integral anti-solenoid coil.

* Had to deal with axial force from anti-solenoid s
and torques from HDC/VDC dipole correctors. g=

X-Sectlon Detail




HERA-II / BEPC-IlI IR Magnets and MDI: Lessons

* The cryogenic/power lead connection interface and the physical mounting
point (for HERA-Il and BEPC-II the “endcans”) needs to be well defined and
may require dedicated space outside/inside the experimental detector itself.

* Within the warm cryostat shell the cold mass components will shrink and
move during cool down; need to define one fixed point where cold mass is
fixed and allow other parts to move (bellows, keys in slots etc.)

* Any net forces or torques generated in the cold mass eventually have to be
brought out to warm supports; the optimization to handle forces without
generating large heat loads is not trivial and may require a surprising amount
of radial and/or longitudinal real-estate.
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ILC Final Foc

QDO Call
. Layout
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QDO Prototyp
Test Coil with
Active Shielding

QDO with Active Shield Off/On

Us Magnets and MDI: DeS|gns

All magnets are variations, %,
of same basic design. .

QDO Split Coil |
Winding

Malﬁ c0|Is &correctors

QDO prototype with ~_g# are wound-on common |
its outer active shield & ;ﬁ: support tube. y £

£/

* For the ILC IR we only need to pass the outgoing highly
disrupted beams cleanly on to the beam absorbers.

* Main requirement is to shield outgoing beam from any strong
external fields... which is done with an active shielding coil.

* Main 2.2 m QDO coil is split in half for low energy optics
flexibility and ease manufacturing challenges.

* Note there is only a partial anti-solenoid overlapping QDO (just
enough to avoid luminosity loss due too overlapping fields™).

Y. Nosochkov and A. Seryi, “Compensation of Detector Solenoid Effects on the Beam Size in a Linear
Collider,” Physical Review Special Topics - Accelerators and Beams, DOI: 8. 10.2172/829740.




ILC Flnal Focus I\/Iagnets and MDI: Designs

4.5°K Heat Shield First Extraction

Full Length QDO Quad, QDEX1A
Active Shield

& OCO Coils

Outer & Inner

“I think you should be more explicit here in

step two.” Apologies to Harns - BP. Anti-SO|en0id Active o 4' P »
Coils Shi ‘ . \ * ' v
, Hell ield §
= e A — Vg ‘\\\
I ‘
. _ He-ll (1.9°K) Containment Vessel \/

ransfer Line to

QDO Cryostat
2250

We use 1.9 K pressurized superfluid helium cooling in

i " order not to have “flowing cryogens” (avoid vibrations).

diameter

He-ll Heat
Exchanger




ILC Final Focus Magnets and MDI: Designs

QDO Cross Sectlon at the Anti-Solenoid

The Iongltudmal force on a solenoid
section is proportional to its B-fleld
times cross sectional area.

Thus it is possmle to balance the net
longitudinal force on the cold mass
with two coils of different radii and yet
still have a net anti-solenoidal field

° In order not to have to deal with 40 tons of
axial force in the warm-to-cold transition we
use a “force neutral” anti-solenoid coil scheme
so there is no net force on the cold mass
(would take up extra space and add heat load).

Cold Mass Support Post Inner/outer force

b ' ’ I v 4 L L.
e Hsolanold cails. Force Neutral Anti-Solenoid Concept

G-10 Support
Insulator

~* Note in the QD0 R&D prototype shown here, even
= i - i with thin walled shells, radial space is needed for
Y, thermal shield support structure.

 Multiple IR magnets are mounted and kept in
alignment on rigid sled structure (note geophones).

e Use shielded bellows for the beam pipe warm-to-
cold transitions (IR magnet beam pipes are cold).

* In order to avoid having a large diameter “endcan
region,” we need extra Iongltudmal space to
interface W|th the cryogenic supply line

Injection Line QDO
And Shield Quad

Cold Mass Supports

Heat Shield Supports to Heat Shield
to Outer Cryostat

QDO Non-IP End



ILC Final Focus Magnets and MDI: Lessons

* The ILC QDO shows how some of the complexity of the cryogenic interface can
be moved further from the experiment (e.g. the Service Cryostat) in order to
keep to a minimum diameter cryostat insertion (smaller impact on detector).

e Because the present ILC QDO assumes 1.9K superfluid cooling, the QDO cryostat
has an additional 4K conduction cooled heat shield; the extra radial space this
requires is not wasted as it allows a larger outer solenoid coil to balance the
axial force generated by the inner anti-solenoid coil.

* Unfortunately while the QDO R&D Prototype parts exist, the idea that 1.9K
cooling avoids a significant driving term for vibration has never been tested.

* For the FCC-ee, if we use 4.5K in place of ILC 1.9K cooling and don’t (and
probably cannot) use a force neutral anti-solenoid coil configuration, the radial
space between the cold mass and outer cryostat shell would be reduced... but
then we need to deal with large forces and should carefully evaluate possible
vibration modes.

. MDI for a push puII IR Iayout is quite painful!



SuperKEKB IR Correctors and Cancel C0|Is DeS|gns

SuperKEKB IR Corrector & Cancel Coil Overview

» For a 40-fold b-factory luminosity increase, the current SuperKEKB upgrade at KEK uses
nanobeam optics that requires production of new superconducting IR quadrupoles.

» 35 correction coils and 8 cancel coils are integrated inside/outside and before/between
main quadrupoles to precisely control IR magnetic fields and ensure good beam lifetime.

* We use BNL Direct Wind to make these coils in order to satisfy demanding production
requirements that go well beyond specifications typical for corrector magnets.

QCS-L Cryostat

QCS-R Cryostat

acap Helium Vessel
- 4 correftors ESL solenoid
(a1,b1,42,b4) |
QciLp

4 correctors

Helium Vessel

» Large 83 mrad total crossing angle permits
High Energy Ring (HER) Electron and Low
Energy Ring (LER) Positron separation in
independent warm beam pipes.

» Magnets are in Left/Right cryostats thrust
deep into upgraded Belle-Il experiment in
a combined detector and compensation
coil solenoidal field.

Helium Vesse
ESR2

Helium Vessel

ESR1 Solenoid

QC1RE
4 correctors

(a1,b1,a2,b4)
IP
~ =
QeaE " qCIE —— T ><im < "~ HoLbt203) 71
4 correctors 4 correctors
(a1,b1,a02 (¢1,b1,02,b4) Leak field ad1A
cancel cpils 5 do L S
(b3,b4,b3,h6) (a1,b1,
] b4 QC2RP q
A 4 correctors I~~~
HER (01,b1,02,03) LER

ESR3

Table 1. Required Field Strengths.

Magnet R, A B A A B B

» Except for the closest in QC1PL/R magnets,

the IR quadrupoles have magnetic yokes.

» QC1P external field would perturb HER
optics if not dealt with via “cancel coils.”

» Correctors come in wide range of apertures,

multipolarities, lengths and field strengths.

mm T Tm T Tm Tm T/int
QC1RP 10 0.016 0.016 0.64 7.6 - 60
QC2RP 30 0.03 0.03 0.31 1.36
QC1RE 15 0.027 0.046 0.75 7
QC2RE 35 0.015 0.015 0.37 15 2
QCiLP 10 0.016 0.016 0.64 - - 60
QC2LP 30 0.03 003 031 - - 60
QC1LE 15 0.027 0.046 0.75 - - 60
QC2LE 35 0.015 0.015 0.37 - - 60

Posilron.Low Energy Ring Side

QC2LP QC1LP
F = Cormeclor Cols  Correclor Cols

1 % OCHLE Lefl Cancel Col
& " QC2LE
e Cols Correcler Cols
2.0 15 1.0 05 0.0
| e PO ] P OO TIPS R W b PEY (DA (A el i (N B WO U0 ) ) - (= 3o

067m lo IP

e —

Eleciron,High Energy Ring Side

L
Lekfield (51 51,02,03) 1
cancel coils
(b3,b4,b5,b6) =
b3 correctqr QCRE
4 correctors

SuperKEKB Left Side
Cryostat . Assembly

With 35 correction coils and 8 cancel coils we sometimes hear
this referred to as a “complicated system” (criticism implied).

However there are just enough knobs to allow the operator to
adjust each quad’s hor/vert center position and roll angle.

In addition the operator can make non-linear (normal and
skew sextupole and octupole) local optics corrections.

We could have combined each of the 4 cancel coils on each

side into a single multipole coil package, but dead reckoning
what the optimum mix of fields would be, before everythmg
was measured, would have been somewha |




SuperKEKB IR Correctors and Cancel Colls: Designs

e ~~ * For external field compensation,
, the idea was not to cancel the
L1 linear (b, by) field components,
7~ Sout_just include there influence

during<he optics optimization.
TH {

T Top Serpentine Layer * The desi?e‘d\ non-linear field
o of the b5 Cancel Coil profiles were then created by
- e = . “stretching one Serpentine coil’s
Winding b5 Cancel Cail - : end” (now can usedual helical).
on 25 September 2013 -

\
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Bottom Serpentine Layer
of the b5 Cancel Coil
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Lead Pair

—— b5 Shape (Ratio to Peak b5)
=== a5 Shape (Ratio to Peak a5)
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Note: Integrated (Unnormalized)
a5 to b5 Ratio is about 12%
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Comparison of Desired
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Target Shapes
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Normalized Shape Function (Maximum
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! * Final results for thé\ field profile |, ' zOfsel Relaiie to b5 Nasimum (mm)

Normal/'Skew Target Shape Gomparison:With design
were actua | Iy ve ry gDOd | beam line quad offsets and rotation bs/as external field
\

&

shapes differ so cannot get as from bs via a coil rotation.

SuperKEKB External Field Cancel Coil Design Motivation

Studies indicate that beam lifetime is sensitive to fNrIy small magnetic
field errors, so our SuperKEKB corrector designs looX to keep local
magnetic field errors below a few gauss at appropriate sgference radii.
But the QC1P external field leaking over into the HER apequre greatly
exceeds this goal if not deal with
via dedicated field cancel coils.

10

+ b5 Target Value

— b5 Cancel Cail Result
X a5 Target Value

--- a5 Cancel Coil Result

8

0.12

6

Results After Applying
“Twist” to Coll Pattern

10 mm (Tesla)

0.10

* Dipole and quadrupole (b1, b2) linear
terms are not dangerous and can be
incorporated into the optics optimization.

Y

0.08

» But non-linear sextupole and higher order
§ terms (b3-bs) do need to be bucked out.

2

0.06

* Because beam line separation varies with
distance from the IP, the cancel coil fields
also must vary along the HER beam line.

0.04

0.02

» Fortunately the cancel coils’ external fields
fall quite rapidly & do not impact the LER.

Field Multipole Strengih (Gauss) at Rg; = 10 mm

-2

0.00

R0 700 800 _ 900 1000 1100 1200
Distance to IP (mm)

|by| for QC1P External Field at R g

« We create cancel coil field profiles from
coils that are basically “nothing but ends”

0 Distgel%e to IB[()Snm}
and then adjust their end turn spacings. QC1P External Field Normal Multipole Decomposition in the .
HER Aperture as a Function of IP Distance for Ry = 10mm. |\ Calculated bs Normal/Skew Fields Compared to Targets.
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SuperKEKB IR Correctors and Cancel Colls

* Yes, building in the design flexibility (e.g. knobs for
operators or IR opticians) to make beam orbit/optics
changes can yield a design that seems “complicated.”

* But having to dead reckon multiple, stringent, magnetic
field magnet production requirements can itself be quite
costly (i.e. require a lot of contingency to guarantee
performance and no errors... the known unknowns) and
brings its own risk (... the unknown unknowns).

* The good news is that we still continue to come up with
new ideas to make progress on MDI challenges.

- Lessons




BNL Electron-lon Collider IR Magnets: Designs
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H. Witte, B. Parker, and R. Palmer, “Design of a Tapered Final Focusing Magnet for eRHIC,” IEEE
Trans. Appl. Supercond., vol. 29, issue 5, pp. 1-5, Aug. 2019. doi: 10.1109/TASC.2019.2902982.
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BNL Electron Ion Collider IR Magnets: Designs

— | * For the EIC IR design we use tapered coil quadrupoles.

\

& ‘iﬂ . % 4‘ I * Thanks to design flexibility of dual helical coil windings
‘ =P - we can modify the local field components so as to keep
E‘% N the local quadrupole gradient constant.

== + \\e are half way in a BNL funded (LDRD) project to
wind and test a dual helical tapered quadrupole coil.

¥ * Warm measurements show expected field quality and
the target constant gradient.

* Preparations for cold testing are in progress.

* The same dual helical design flexibility that we use to
locally adjust the quadrupole strength could also be
used to add local admixtures of other field harmonic
components (e.g. to buck out magnetic crosstalk

between two side-by-side quadrupoles).




CERN FCC-ee IR Magnets: Discussion

Challenge: Deal with magnetic crosstalk
between the QC1 IR quadrupoles.

|P

Unlike with SuperKEKB, we must also
buck out the B; term or the zero field
path in the quadrupole will be curved!
_ [e.g. then cannot find an orbit path
that avoids at least some dipole field]

Answer: Use flexible Double Helical coil T Ne
qle5|gn to Ioca.IIy adjust QC1 field much s B o G g
like we are doing for the BNL EIC IR. o-7omm 4 i

1.5cmradius z+12.5cm

__________

Smaller central pipe: 1.0 cm for z £ 9 cm

We could use BNL Direct Wind technology to make double (with taper starting at z + 40 cm

helical coils that by design eliminate magnetic cross talk. e oder o ErC



CERN FCC -ee |IR I\/Iagnets Discussion

r M T e M. Koratzinos, “The idea is to use a stiff skeleton
‘ - 2 — ==—df . < > which will replace the very heavy cryostat. All load
bearing capability will rely on this skeleton.”

Two IR magnet
1 FCC-ee concepts

QC2.2 Qc2.1 QcC1.3 QC1.2 QC1.1 Screening sol. for a final focus

[ i t t.
An alternative FCC-ee IR magnet design layout that was presented maghet fayou

by Anton Bogomyagkov et.al. (BINP Group) at 3™ FCC-ee MDI Meeting. < >

| Reduce wall thickness to 4 mm
to reduce total weight.

MDI implications of 30 ton net anti-solenoid longitudinal force are very
significant; ultimately this has to be managed with support either from the
detector or cantilevered. But what about the warm-to-cold transition?

BEPC-II Cryostat Design Detail

. , (Endcan Internal View)
Axial Restraint Axial Restraint For BEPC-II, a 1.3 ton

stress (MPa) heatﬂux (mW/mm) axial force letto 1.5 W

.
el - Ulem 2400 N [

polyclhcnmldc: Rewon Second (it heat |Oad. 30 tOI‘IS Wi"
glass 1 . .

intoreed ! lead to an even higher
thermoplastic |

¢ k=02 wmnc | load and take up more
« 300K -4K 1

heatload | space. Also how do we

; handle the torques

generated in the cold

mass (long lever arm)?

applied
load away
from IP

+  Max stress
=97MPa

* 1.5 W total
heat load

o ——————————

| BNL Modeling by Andy Marone for BEPC-Il Support Structure.




Summary: Superconducting Final Focus Magnets

at ILC and Future Colliders
*** IR Magnet and MDI Lessons from Previous Work

* There is a lot of experience available (find out who to ask).

* And it is easy to overlook (uninteresting) details that can
have a significant impact on the final design (e.g. passing
forces and torques from cold-to-warm supports).

* Be wary of using “nanometers” and “superconducting
magnets” in the same sentence (SuperKEKB vibration work).

7

** |IR Magnet and MDI Future Expectations

* Dual helical coil winding is now a key IR magnet technology.
 We will continue to find synergies between future IR design
work: ILC CLIC EIC, FCC-ee, FCC-h_/LHeC, CEPC and more

NS
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ILC QDO Magnet Coil Conflguratlon

Multiple main magnet and corrector coils were
produced on common support tubes. These
tubes are themselves supported from a rigid
sled structure inside the cold mass.

Lead
End

Extraction Line
\ /Quadrupole

Sextupole, and
Octupole Coil Package

Split QDO
(anti-solenoid is not shown)  Half Coils

QDO Spllt COI| L ) ;,1-

Winding

S . O "

- — e > ’- >/ 2 , -‘“ e LS & e~
..... :ﬁxy\ww@w@ g L o e
A 4 Main coils & correctors

“ -

V ‘ are wound on common
g support tube.

™ ol
o = %

View Inside QDO Cryostat to
Show Coil Positions and
Support Infrastructure

RERN R&D

> éf””Geophone

....
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ILC QDO R&D I\/Iagnet Cryostat

Cold Mass Support Post

G-10 Support
Insulator

Injection Line QDO
And Shield Quad

The ILC QDO R&D magnet prototype cryostat is
90% complete and almost ready for insertion
of the magnet coils on the “sled assembly.”

20 ILC QDO R&D Magnet Cryostat Assembly



Final assembly of the R&D

ILC QDO R&D SerV| Cryostat

ILC Service Cryostat undergoing final leak
testing before assembly with outer vessel.

21

Service Cryostat is
now proceeding.

Plan was to test it
using a dummy heat
load attached to where
the transfer line exists.

We would like to mount

a geophone alongside
the dummy load to characterize
sources of vibration.



&D Service Cryostat

0 T

— Dummy Heat Load for Testing &
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Valves etc.
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QDO R&D Service Cryostat | Internal Plumbing
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