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(I-{=» Paul Scherrer Institute (PSI)

* Largest research institute for natural and engineering sciences within Switzerland
* Three main fields of research: matter and materials, energy and the environment and human

health

Develops, builds and operates complex large research facilities

Employs 2100 people

~2500 visiting scientists using facilities for experiments

Part of the ETH Domain that also includes ETH Zurich and EPFL Lausanne

Financed by the federal Government
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({J=» Paul Scherrer Institute (PSI)
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==

Magnet infrastructure at PSI

Construction and
=== test NC magnets

SC magnets
teststand

‘ Construction
SC magnets
CHART
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(= Magnet section activities

* activities centered around the magnets (PM, EM, SC)
needed for existing and planned accelerator facilities at PSI

* magnetic and mechanical design, the construction,
procurement and/or assembly of the magnets

e gualify the magnetic specifications with measurements and
data analysis

* maintain and repair existing magnet assemblies at PSI

maintain and develop magnetic measurement systems

Construction and test
EM and PM



CHART MagDev @ PSI
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([I5]}j» CHART @ PSI

“Swiss Accelerator Research and Technology — CHART” is a Swiss research network with PSl as a
host institute and CERN, EPFL, ETHZ, and UniGE as additional members (http://chart.ch)

@ 08) oy

STRAND / TAPE CABLE MAGNET DESIGN ColL MECHANICAL TESTING

MANUFACTURING ASSEMBLY
LTS/HTS conductor R&D, Rutherford / Roebel FCC-hh / HE-LHC LTS and HTS magnet

Characterization production conceptual and technical Nb3Sn and HTS coils Mechanical loading

creates sc magnet development infrastructure
LTS (Nb3Sn) technology development for the
international high-field magnet project

NI HTS (REBCO) coil program

HTS (REBCO) superbend demonstrator
bulk-HTS (REBCO) undulators

HTS capture solenoid for a positron source
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RS CD1 magnet Nb3Sn CCT dipole

PSI CCT CD1 quenches
19

SM18 - 4.5 K ask  1IK1LIK 45k

18

17

Q@ 1.1-1.4
16 @ 1.1-1.2
— O 1214
<L
= 15 A 2221
5 ¥ A 2524
= 14 N e
Y A 2625
]
13 A 2726
- E A 2827
m + Previous CLIQ test

Thermal cycle

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Eventnumber ] ]
Courtesy of Franco Mangiarotti

It reached 10.1 T in the bore at 94% of Iss at 1.9 K; 9.9 T and 100% of Iss at 4.5 K
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(= Cryogen free test stand

2kA £10V Cryostat insert with
power converter two cryocoolers

Electronic rack Cooling with 2 cryocoolers

— RDK-415D - two stages
— RDK-500B - single stage

- vacuum control/monitoring
- temperature control/monitor

- voltage signals recording

DAQ

- quench detection system e ‘ P SR\ 4 ; ‘ 8] - 2 nanovolt channels

— 64 high precision channels
— 64 fast sampling channels
Vacuum vessel
with pumps

‘ \’l FPGA based quench detection system

with interlock and safety matrix

(CERN uQDS with PSI modification)
Powering cables

(500A single cable) 10+ cernox temp sensors

5+ hall probes matrix (calibrated at
various temperatures up to 20T)

Water chiller Radiation shield with MLI
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Flexible
current leads
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[={J=» Cryogen free test stand insert

Electronic wires
feedthroughs

Water cooled

copper leads
Instrumentation

terminals

Cryocooler
RDK-415D

connectors

Copper current
leads terminals

Radiation

™ shield
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(= Cryogen free test stand DAQ

64 channels high frequency (200 kS/s) 64 channels high precision DAQ CERN uQDS system with
DAQ NI based INCAA custom system NI PXI system ‘swiss knife’ firmware

mechanical switch (~4 ms ot)
with varistor

Detection
Trigger

Select at least
one Ingic block

D cannot be selected
stand alone

C8 swiss knife for PSI
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BPS Key parameters

vacuum vessel made of 316L non-magnetic stainless steel
installed on non-magnetic floor

useful volume inside the radiation shield : 630 mm diameter,
590 mm height (can be extended to 1000 mm)

custom made conduction cooled flexible copper and HTS leads
optimized for 2000 A

cooled by two cryocoolers

— RDK-415D — samples/coils (1.5 W @ 4.2 K and 35 W @ 50 K)
— RDK-500B — current leads (160 W @ 70 K)

cooling time <12h

variable temperatures operation
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RS Test station capabilities various temperature tests

0.0002 40
—T_sample [K]
—V_RS[V]
—V_ss V]
—V_RC[V]
—V.sCV]
0.0001 - <30
g

ple [V]
TIK]

V_sam|

0.0001

ple [V]

Thermal conductivity of different
types of insulated joints

V_sam
<

o
S
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——T_05mG10 [K]

1] T_25uKs [K] =
T_50uK [K]
— P_cc[W]
304

T T T T
10 125 15 175 2 204
TIK]

TIKI/P W]

I
S

2.5E-05

Strands in this measurement had undergone different heat
treatments. During the heating cycle, they were exposed to
varying amounts of oxygen at different temperatures

time
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()= NI coils winding and soldering

* winding setup for one or two tapes with individual tension control
—, * automatic application of soldering flux on each tap
4 ¢ possibility of soldering the coil as it is wound
* 4 coils manufactured using different winding and soldering techniques

Stacked, single layer pancakes
Axial joints

4 coils, 12 mm SuperOx tape
Solder-potted coils

r i 25mm

r o050 mm
#turns: 2x 170
SClength: 2x49 m
voltage taps

hall sensors matrix

Manufacturing 2 days!
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(={J=» Technology Solenoid Program Milestone

Stack of 4 NI HTS pancake coils solenoid,

built at PSI and using licensed Tokamak
radiation

Energy Ltd technology. shield

thermal
connectors

MEDUSA

1st cryocooler
4K coldhead

stack of 4 NI HTS coils|; * 8
with thermal/current !
connectors

&l HTS leads

Page 16
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[{={J» Medusa 2 kA powering results

A B C D
— 2500 T H 1
=S i ! ! current
§ 2000 1 4 : ; )
swi o~ 2kA3h | | 0-A: |
wl /' i i i - fast ramp up with 1 A/s
T/ ! i i - coils temp regulated by
VAR ] i i external heaters
= 83 i : : : A-B:
X E 1 1 1 .
PO i ’ HTS leads temp - slower ramp up with 0.2 A/s
= 601 H i 1 oy .
PR : : to stabilize coils temperature
0 S B-C:
2oL i i - 2 kA 3h plateau
13 T ! i ! - temperature of Cu-HTS leads
o 2 joint increasing because of
2 T A~ K coils temp joule heating
N YA 12 i - coils temperature stable at 12
o K
- i heating while|
superconductivity K C.D:
e i discharge | .
dESWV@W at PSI : : - slow ramp down with 0.5 A/s
12:00 13:00 14:00 15:00 16:00 17:00
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current [A]

voltage [V]
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==

Medusa 2 kA powering results

D

2 kKA 3h

current

1.6 mV

1
over 4 coils
~800 nohm

coils voltage

B e e e e o e et o EEEEEEEEEEE R EEEE v v)

field

—
16:00

17:00

time

0-A:
- fast ramp up with 1 A/s
- voltage over coils increasing
because of current radial path
A-B:
- slower ramp up with 0.2 A/s to
stabilize coils voltage increase
B-C:
- 2 kA 3h plateau
- coils voltage decreasing
because of current
redistribution
- field is increasing — not
reaching saturation
C-D:
- slow ramp down with 0.5 A/s
to avoid quench back
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TIKI QU

4

Jw» Quench event ooa
%0 A1 N0.2ATs 2000
1 | I — I_DCCT [A]
ol 0.1A/s o 0.5A/s — T coid KT | ]
! : — T_coil3 [K] [T]
T : I ixk 2Als — T _coil2 [K] [T]
60 4 | : yNE — T coill KT || 4500
! | I
4 | ! \
| |
5oL 0.5A/ - \ |
! |
4 | |
40 4 : I 5A/s =+ 1000
|
41 |
1A/s I 1o |35K
30 4+ I . o i
i I 25 1
g \
20 4+ “ : : 10A/s i tempsensor_] ggg
1 : TR detachment
| | .
104 : g coils 2&3?
. | |
external heater OFF 1 : :
0 +—+—+—+—+—+—F—+—+—+——+——+— M ————+—+—+—1-0
9:00 9:30 10:00 10:30  oMin 8min11:00 11:30 12:00
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—

Quench event

2000

0.02

ViV Q1]

0.01 H

0.005 +

1 [NOW @ cleliE iE

n

e [@[f@f@@@‘@
ATS colls

— |_DCCT [A]
— V_coil_in [V]
— V_c_tot2 [V]
— V_caoil_out [V]
— V_c1[V]

— V_c2[V]

— V_c3[V]

— V_c4 [V]

— 1500

— 1000

— 500
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4 Page20
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(5 P3 FCCee Injector Study PSI Positron Production

e @

Spectrometer dipole (- 15 K conduction-cooling

RF SW S-band structures

Magnetic field scan and
scintillating fiber for energy
spectrum measurements

HTS solenoid (AMD)

5 coils from 12 mm ReBCO

Broadband pickups >

Rd A Coil diameter 122 mm inner

4 : 219 mm outer

. | T, Stored energy 331 kJ
4 ; 1 o

Operating current  1.17 kA

\ L
b\ 2 L gl ) Solenoids around RF structures

HTS NI target solenoid, to demonstrate high-yield
positron source concept
— stable DC operation,
— high thermal conduction due to solder
impregnation to extract heat deposited in coils,
— radiation robustness due to absence of insulators.

e _ {; i Charging constant 11 hours

Solid-state (Pb)
thermal buffer

15T in 72 mm
warm bore

21 T on conductor

Manufacturing Q3°23-Q2°24
. , ) Courtesy J. Kosse, T. Michlmayr, H. Rodrigues
Experiment at PSl’s SwissFEL 2025/26 page 21
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BS Summary part one

* PSI new approach for superconducting materials and small demonstrator magnets

test stand: cryogen free

— variable temperatures (3 — 100+ K)

— flexibility of tested items:
— enabling technologies (impregnations, thermal conductivity, etc.)
— wire/cables/tapes characterization (RRR, Tc, etc.)
— small magnets demonstrators (LTS and HTS)

— energy consumption optimization

* Max operating current 2 kA (+-10 V)
* Quench detection system based on FPGA electronic
* Protection by fast mechanical switch and dump varistor (1 kV)

* Plans for future:
— optimize cooling paths for existing insert
— mm anti-cryostat
— new cryostat 10 kA

superconducting transformer powering
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(={J» Outline

* Introduction PSI, Magnet Section and CHART
* Cryogen Free Test stand WNLA/010 ™ Michal

e Cold tests results

J\

* Planned upgrade

— .
Carolin

* Upcoming projects
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==

Test stand - now

Media,
\ He

recovery

GHe bottle
z and panel

@

0

< WNLA/O10:
1345mx85mx4.7m

3]
L Desk ; |: Desk Fower
Cho Workbench . supply
. X I:!\I/\easurement
8 rack
Emer- ;
Vacuum
gency Cable bridge 7 | uu
exit Cold hea
Storage Tools
aren Vacuum
; vessel
—
\ v Non-magnetic
Cabin <« ground |:
2mx4m smxsm
Compressor!
: Storage for cryocoolers
: area
Range for truck :
: ~4mx3m | Racks
4 fe

Tm
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(J» Teststand - now

®
L Desk q |: Desk Power
Chairs Workbench qﬂ ‘ supply RRR, thermal
:3"3 l& casurement conductivity, etc.
gEQ:‘i'y' Cable bridge 7 Vacuum \Madia,
e
exit Cold head__| rack
flange recovery
Storage Tools HTS
- area
;: vessel
GHe bottle
on-magnetic —/ and panel
ground |: ®
5mx5m
' michal.duda@psi.ch
Compressor/
Storage for cryocoolers
area
& Range for truck !
: ~4mx3m i Racks T
- fe

< WNLA/010:
1345mx85mx4.7m

o

et
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==

Test stand — (re-)move parts

Vacuum

vessel

=z

on-magnetic
<4 ground
5mx5

Range for truck

Compressor:
for cryocoolers

~4Amx3m

Racks

Media,
K He

recovery

GHe bottle
and panel

Tm

V4|
|

" WNLA/010:

0
R

et

13.45mx85mx4.7m
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==

Test stand — planned annex for noisy components

et

*

0
s

-
7 |: Desk Quench || poyer
& Workbench ‘ protection i
X I:!\I/Ieasurement —
rack
52:\?:; Cable bridge P Vacuum \Madia'
e
exit Cold head__| rack
@l‘ﬂi flange recovery
HTS
Vacuum -
vessel &
Q
@1 | ,GHe bottle
Non-magnetic | —1/1 and panel
< ground ®
5mx5m [—
Range for truck
: ~4mx3m i —
A fe

< WNLA/O10:
1345mx85mx4.7m

Annex 7.5x4.5m

Compressors
for cryocoolers
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Innovation Fostering in
Accelerator Science and
Technology (I.FAST)

_—
b

L

https://ifast-project.eu/home

rebecca.riccioli@psi.ch

[({J=» Test stand — new projects from 2023

Range for truck
~4Amx3m

Desk T uench
Workbench |: |;| e Power

I:’\IA protection | gypply
easurement —

Cable bridge
Cold head

rack

P w Media,
' rack He
flange recovery
HTS
vessel
GHe bottle

Non-magnetic | —1/1 and panel

< ground ®
5mx5m |

+ Team

10:

13.45mx85mx4.7m

Annex 7.5x 4.5 m

Compressors
for cryocoolers
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(]

Workbench

Cable bridge

Range for truck
~4Amx3m

0:
x8.5mx47m

X !/Ieasurement

p-cube test

Annex 7.5x4.5m

jm Test stand — new projects from 2023

Quench
protection

Non-magnetic
<« ground
5mx5m

Compressors
for cryocoolers

\Media,
He
recovery
Py
)
B3
@1 | GHe bottle

and panel
[+
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e == Test stand — new projects from 2023

®
..-: Quench
Workbench n -
""" q/leasurement
rack
Emer- | caple bridge Vacuum % Media,
gency He
exit Cold heal
— : ﬂange recovery
HTS
Vacuum =
vessel [
2
@1 | GHe bottle

on-magnetic and panel
ground @

5mx5m

sC.
superbend

p-cube test

Range for truck
~4Amx3m

A/010:
ymx8.5mx4.7m

Compressors
for cryocoolers
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[({J=» Test stand — new projects from 2023

s Workbench

Undulator protection
test = !/Ieas rement —
6mx3m u 2

rack '

L ) ] auench HTS undulator for SLS2

Cable bridge

Cold heads

Zhang et al., “Fully-staggered-array bulk Re-
Ba-Cu-O short-period undulator: large-scale 3D
electromagnetic modelling and design
optimization using A-V and H-formulation
methods”, 2021

Range for truck
~4Amx3m

V4|
|

< WNLA/010:
1345mx85mx4.7m

s

marco.calvi@psi.ch

H .
et

Compressors
for cryocoolers
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dJ___

Range for truck
~4Amx3m

e

jm Test stand — new projects from 2023

Workbench

Quench
protection
q/leasurement
Cable bridge

rack
Tools

Vacuum

~—

© "

v Vacuum

vessel

-

on-magnetic
ground

5mx5m
SC.

Swiss Accelerator
Research and
superbend

~ WNLA/O10

Technology

13.45mx85mx4.7m

p-cube test

Compressors
for cryocoolers
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e I={j» Test stand — new projects from 2023

o
0
o

< WNLA/010:

Range for truck
~Amx3m

13.45mx85mx4.7m

Workbench

Cable bridge "

Cold head
Tools

‘ 5

easurement
rack
Vacuum

Vacuum
vessel

on-magnetic
ground
5mx5m

Compressors
for cryocoolers

NE
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(== Cooling of sc. magnet without LHe bath

* Challenge: Transport heat efficiently from sc. component to cryocooler

Cryocooler Condenser

| Cold head |@|*Vapor

bubble

<—Liquid
IOl slug

¢ Oscillation

= eiesiin | Coil/Current leads |Or7Liquid Nitrogen PHP in Laboratory
] A | (Jiao et al.,
{ M : s s Evapora'tor film https://doi.org/10.1016/j.ijheatmasstransfer.20

09.03.013.)

Test 2 kA current leads

— Replace of conventional copper thermal links with pulsating heat pipes (PHP) filled with

cryogenic fluid
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(-{J» Thermal conductivity of PHP for cryogenic
application

500

s Solid metal:
—— Cu, RRR 500 (NIST)
—— Cu, RRR 50 (NIST)

PHP:
4| HeH2NeN2
o e » Barba, Bruce, Bonnet et al., Saclay (France), [1-5]
. * Fonseca et al., Madison (USA), [6-9]
e Jiao et al., Columbia (USA), [10]
] . ¢ Mito, Natsume et al., Toki (Japan), [11-16]
* o Liang, Deng, Xu, Li, Lyu et al., Beijing (China), [17-25]

Thermal conductivity / KW/(m K)

5 10 50 100

References listed in annex of this presentation
Temperature / K

e Helium PHP for LTS application
* Neon PHP (theoretically also hydrogen and nitrogen PHP) for HTS application

Page 35



PAUL SCHERRER INSTITUT

(F={J» Summary

* Magnet infrastructure at PS| for permanent, electro- and superconducting magnets
* Trend for new projects to use sc. magnets cooled with cryocoolers (saving energy)
* Test stand for cryocooled sc. magnets at PSI continuously evolved since 2018

* Ongoing upgrade of test stand for new projects, e.g. P3, LTS superbend and HTS
undulator for SLS2

* Cryogenic pulsating heat pipes (PHP) promising alternative to copper connection

between sc. magnet and crycooler
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[={J=» Wir schaffen Wissen — heute fiir morgen

We create knowledge today — for use tomorrow

Thank you for your
interest.
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