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USR Principle

Muon Spin Rotation /Relaxation /Resonance
» Material Science Technique
e Measure local magnetic fields
e Battery materials / Superconducting materials

l.Implant spin polarized muons in sample material
2.Muon spin evolves in internal and external magnetic field
3.Measure anisotropic decay to positrons
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USR Principle
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Scintillator-based Detector (Current Generation)

Muon
Measure: counter

o Time of Arrival of muon and positron

e Temporal asymmetry between forward

and backward signals

Limitations:

 No positional information of muon forward veto

backward veto
sample

 Rate limitation
o Maximal 1 muon per time frame

o Limited observation time
» 40 kHz (18 kHz acceptance) forward backward

Adapted from: General Purpose Surface-Muon Instrument (GPS). User Guide.




Scintillator-based Detector (Current Generation)

Measure:

data gate =10us
o Time of Arrival of muon and positron s Toare™10M

=
e Temporal asymmetry between forward

and backward signals

W

Limitations: N et time
 No positional information of muon
e Rate limitation
o Maximal 1 muon per time frame 1 1 ]
o Limited observation time 'y N et time
» 40 kHz (18 kHz acceptance)
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Scintillator-based Detector (Current Generation)

Measure: Accepted rate (R_ )

versus

o Time of Arrival of muon and positron . :
incoming rate (R))

e Temporal asymmetry between forward

and backward signals

=R, <expl-2ZALR ), ALw 10 pa

fdid

Limitations:

 No positional information of muon

R, keps)

e Rate limitation
o Maximal 1 muon per time frame
o Limited observation time

» 40 kHz (18 kHz acceptance)
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Scintillator-based Detector (Current Generation)

Measure:

o Time of Arrival of muon and positron
e Temporal asymmetry between forward

and backward signals

Limitations:

 No positional information of muon
e Rate limitation
o Maximal 1 muon per time frame
o Limited observation time

» 40 kHz (18 kHz acceptance)
Current Setup:

 Keep current version of GPS

« Have a new one to move in at any time
« 50% of all MuSR publications at PSI
using GPS at one point



Next Generation

MULTI—new detector, new logic, new science

K .H. Chow™*, R.F. Kiefl™. S. Chan®, R.I. Miller™®, P. Amadruz®. R. Poutissou®.
B. Hitti", D. Arseneau®

First segmented detector from 2003

Position-sensitive detectors for muon spectroscopy:
Design goals, constraints and perspectives

T Shiroka®* R. De. Renzi®, C. Bucci®, R. Scheuermann®, E. Morenzoni®

Idea of using Si-Pixel around since 2006



Next Generation

Plastic scintillating fibers

Opticl fibers

Development of muon spin imaging spectroscopy

Takato Sugisaki'%%°® . Kenji M. Kojima?®@ . Mototsugu Mihara'2® .

Yoko Kimura'® . Yutaka Mizoi*8( - Gen Takayama'® - Daiki Nishimura® -
Masaomi Tanaka>2( - Soshi Ishitani' ¢ - Gerald Morris?( - Donald Arseneau? -
Rahim Abasalti? - Deepak Vyas? - Mitsunori Fukuda' - Wataru Sato® -
Runa Yasuda’{ - Ryo Taguchi'®

Accepted: 22 February 2024



TABLE OF CONTENTS

O1 | MuSR at PSI

02 | HV-MAPS & DAQ

03 | Results



High Voltage Monolithic Active Pixel Sensors (HV-MAPS)

Particle
lvan Peric et al., NIM A582 (2007) 876-885
» High Voltage Monolithic Active Pixel Sensors e Time resoluton of a few ns
e Thinned down to 50 um e Digitalization and zero suppression on
e Fast charge collection via drift the chip



High Voltage Monolithic Active Pixel Sensors (HV-MAPS)

Particle
lvan Peric et al., NIM A582 (2007) 876-885
» High Voltage Monolithic Active Pixel Sensors e Time resoluton of a few ns
e Thinned down to 50 um e Digitalization and zero suppression on
e Fast charge collection via drift the chip

good vertex resolution and momentum measurment



Quad Module (Next Generation)

copper |c1yer Designed by Lukas Mandok

for cooling

2 x 2 MuPix11 Module:

* (4 x 4) qecm active area
e 50 - 100 um sensor thickness

4 cm

MuPix:

 Pixel Matrix: 256 x 250

- Pixel Size: (80 x 80) ;;m >

o Time Binning: 8 ns (125 MHz readout)
» Datalink Speed: 3 x 1.25 Gbit/s

1.0 Lukus Mandox
em e MuPix1il HV-MAPS Group
(i X Pl. Uni Heidelberg
;] emee Quadmodule vi.0 03.2023
e H [ X 3 N H Gy A A w LML AE e - .
.08 e - =

[t P
;_--..,'tLll. —
=D"emee

- gl ee

w A & :
= o




Quad Module (Next Generation)

copper |c1yer Designed by Lukas Mandok
for cooling

2 x 2 MuPix11 Module:

* (4 x 4) qecm active area
e 50 - 100 um sensor thickness
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 Pixel Matrix: 256 x 250
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Readout of MuPix
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Readout of MuPix
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Readout of MuPix
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Readout of MuPix
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Readout of MuPix

Front-end FPGA Board
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Readout of MuPix

Front-end FPGA Board
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Readout of MuPix

Front-end FPGA Board
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Readout of MuPix

Front-end FPGA Board
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RAM storage #
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1.25 Gbit/s unsorted hit data



Front-end FPGA Board
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e From electrical to optical

e Receives data from the detectors
e Send a package every 16us

e Sorts the data in time



PC Interface FPGA Board

e Connected via 8-lane PCle 3.0 to PC
e Synchronisation of ditferent FEBs

e Terasic DE5Se-Net board
« DDR 3 /4 memory for data butfering

10



Pixel-based Detector - xy-uSR

Downstream Upstream
layers layers
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Pixel-based Detector - xy-uSR

Downstream
layers

e 2 layer tracking using pixel sensors
e Vertex reconstruction with corryvreckan @

Upstream
layers

~
Seo
~
s

11


http://gitlab.cern.ch/corryvreckan

Pixel-based Detector - xy-uSR

Downstream Upstream
layers layers

~
Seo
~
N

e 2 |layer tracking using pixel sensors e Increase muon rate by 10 - 100 times

» Vertex reconstruction with corryvreckan \O) e Several smaller samples at once
e Probe local domains of the sampes

11


http://gitlab.cern.ch/corryvreckan

Pixel-based Detector - xy-uSR

Simplified detectors -+
€
Laser
Continuous muon beam 100Hz - 1kHz L ]
“probe” o Fur-np-s N |
Detector -
cables Clock system

N J

Continuous readout - time (TS) in arb. unit

A 1. Laser pulse

_ ) ~
muontime 777§ 0 X 8 K 4 } A8 X 9 W 77777 7_ (- reconstruction and » | %A
positrontime ~ 7+ 7 2K 4 X 5 X7 7z 11 X 12 WK 14 vertex matching “%maa
J _ >
Muons and positrons beloning to each other are marked by color Muon TS - Positron TS

e Preform triggerless pump-probe xy-uSR
e Sort muons according to their arrival time relative to the pump stimulus
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Testbeam Telescope

e Transversal polarized surface muon
beam e PSI - PiE3 beamline
(09/2023, 09/2024)

» Goals:
> Measuring vertex resolution <1 mm
o Measuring spin rotation
> Mapping magnetic field in sample
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Setup 0972023

DAQ
3 data-links per sensor x 1.25 Gbps
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Setup 0972023

DAQ

3 data-links per sensor x 1.25 Gbps
e Mu3e soft- and hardware

»
. 'Y

-

MP_&

MP_3%

s MuPixil
te% Quadmodule

2 :'= | A=A

y,
Electrical cable

w

s Al
ava
|

\“lj‘ Front-end‘Board

14}&05 2
!FB‘Q ' >

Image from Lukas Mandok BTTB Talk

14



Setup 0972023

DAQ

3 data-links per sensor x 1.25 Gbps
e Mu3e soft- and hardware
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Setup 0972023

DAQ

3 data-links per sensor x 1.25 Gbps
e Mu3e soft- and hardware
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Setup 0972023

DAQ

3 data-links per sensor x 1.25 Gbps
e Mu3e soft- and hardware
o Light sensitive sensors
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Setup 09/2024

DAQ

3 data-links per sensor x 1.25 Gbps
e Mu3e soft- and hardware
o Light sensitive sensors

MuPix11
te% Quadmodule

=

P

y, \_ | J
Electrical cable Optical cable




Setup 08/2025 and 11/2025

 First MuPixl11 operation in vacuum
(~10-7 mbar) / water cooling

e First operation near a cryostat

o Plastic Scintillators for timing

15



Right now! In "Real-Time"
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Vertex Resolution 3D VUSR "Tomography”

XY Cut of matching (Muon Position)
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« Move z-position during analysis

XY Cut of matching (Positron Position)
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Vertex Resolution 3D VUSR "Tomography”
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Vertex Resolution
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Spin Rotation
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Field Map
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Wrap-Up

e« MuSR

> Material Science Technique

o Measurement of novel battery and quantum materials
o Challenges are good vertex and high muon rates

e Quad and DAQ
o Development of first Si-Pixel based MuSR detector

o Fully triggerless system was designed and implemented
o Analysis of test runs

More tests in magnetic filed are happening right now!
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