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Introduction — Physics with many positrons
2|3 44 EZF ChsH XOLIX| YHX} WO| g+ AAE J[HIOR JHEE|UOLY,
ASAE Yo 2|t ZTE =Y o 10772 A4 YHAIZ HBHE.
Gi7E PAXI2Q} MA} 7147| 2 Y AIMOINE T0jLX| ZopMS
SPHX-TXMOR HigHS0] DT UTXL Hig WMEH= AJAH JHErE & US.
L] 2351 SAEE =G 1.5x104719] YTXIS WS35,
Ol Oi:E 2709 Eo| EI-HI2E WA s,

f2| 2ot SR XX EX =2 FRM-II ¥XX} H
Astron. Astrophys., 441 (2005) 513 (9 X 08 moderated positrons/s)

Nucl. Instrum. Methods A, 593 (2008) 616 l
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' ()2 Positron Annihilation Spectroscopy

22Na
Y1.27 Mev _—
et source e Thermalization

00/0000
Q0000 O
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000000, ooy
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I 7 Positron Annihilation Spectroscopy
M=l LHX +~F

o ChEsRTH AT|SO| EMS BME 4+ S,

« XMITH B AEI(ZS), SHeX|, D2X/F0H, AKX, HHEZ] AXH S

vacancy-like defects pores between 0.2 - 100 nm
metals and . free volume .
alloys ' '
micro- and mesoporous
materials
polymers
-—I—--uul T T ||'r1--| T r 1T 1Trrt I T T |||-|-I L »
0.1 1 10 100

positron annihilation lifetime / ns




' 02 Positron Annihilation Spectroscopy

= Sensitiviw
2 R = (1 07 % )
J =M EHé,*- mono-vacancy, cluster, closed voids, free volume

1em [
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o 10 =
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3 1u O 1000
© o]
2 1000 nS % 100
O
@ 100 2
10 -
= 10 H o) Positron spectroscopy
Positron spectroscopy
ix H 1 appm
— N [ S [ E— E— E— —
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7 Positron Annihilation Spectroscopy

B Defect/vacancy sensmwty
J 12 =S (1 07 %
a2 =M 4 mono—vacancy, cluster, closed voids

point defect EfX| |4}, olfd =&,
H|It 2] 22 5014 U3
CHEY R0 A& ZH]

mono-vacancy, vacancy cluster,
AZst 7ts,
e

Lo
Ui =S dislocation, closed voids
= vacancy, dislocation loop,
7
TEM 3 nm O|AF ZAst +X dH 2=
~ . . . bulk W HH, point vacancy X|
XRD R3~&7Zt dislocation, strain, stacking fault 7FE| X e
PR o  lestron def ALY FEOI B, WA FY 2B ©X
(ESR) 74l+r |- unpaired electron defects a7 =71
A3t M2
I == atom-level vacancy, 3D 2Kt K= TISHAIE
segregation = ’ <
= tHal M= A oA

AT (s
vacancy cluster

7\ E,

TDS’ S

Thermal Desorption Spectroscopy
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7 Positron Annihilation Spectroscopy

Free volume sensitivity
0 R =2 A 107 £F)
0 2M A free volume, closed voids

BN T N N

e = free volume, el U= £ 7S ol =&,
== closed voids LRSS Tx} Y Fek
. ~ opened free volume ZHH, BHA V|8 2X S S
a 2o B2 2 27
EET < (meso/macro pore) M M2 ==° S =
ol =X , = X A 2I) X10| F
=L So =7} X o| =2 =BT T 0 X MH H=
(Hopyonometry) o0 M| free volume2| S X M= S8 B
& 7|8 =3 E|HHQI free
=71 L 21X o7 7|2 : e
N PN ) QEM MHZ free offAf0| 74X
NMR =7t o sala
micro void vqume =X =xfet
DSC/DMA/ = KEHOIRE(T,) M/ = 2 L=
*% = = = 9 I_; = PS| 7 Eg |7_|-x-I = - =
TMA = free volume H3} SHASSEUE F38 Hefst o232
TEM e AN 22|15 void AZtet 7ts

“Brunauer-Emmett-Teller
“Differential Scanning Calorimetry/Dynamic Mechanical Analysis/Thermomechanical Analysis
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2% 3747t US

0 Li-/0p0|32 o] Biak AR (BIEH|, polymer film S)= slow positron beamO] 2 gt

-
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Slow positron #id(moderation)2 {lsiA=

22Na: Self-absorption@.2 9I5t0{ Z|C{ ~107 positrons/s %

Positron energy spectrum (%?Na)

W ZHE O] QEXX}7} T St

dd 7ts > 24 AlZh e

Positron implantation profile (Si)
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Implantation profile P(z,E) for Silicon
for different positron energies
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.\. o ——
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Peak energy: 545 keV
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Pair production 7|8 XX} M
a0 YHRERXIZ: Cd-113(n, v)Cd-114 - Pair production
« L= fission r-ray, neutron capture 7—ray = Pair production
J MXP77]: e 2 Bremsstrahlung X-ray = Pair production

4 Pair production SHHEE 7 number0| H|H|517| 20 LXK} AM target2
SAH(W), uiz(Pt), EHEE(Ta) S =2 S F&ES A8

. ntherm
.
cd ‘I' I Air e'lEe= 70 MeV
IRLARRTAT AR SRRRRY tron capt
RARRRRRNGN {‘\_\\ \ . ro'n c'a P Ta (6 )I %‘ Water
P - - emission a (6 mm -
RV Y . Cooling
pair production Vacuum 30— ¥ Ti (50 pm)
— T —
| _ ~10V T
pair production, R2 R,
et-moderation and et | Erxey  W(50 um)
etemission — P
v
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5 MW 30 MW
35x1012  24x104 25x102?2 14x10%4  15x102 6-8x1012 1.2-4.4x 104

Converter (moderator)

: W Cd/Pt Cd/w Cd/w Cd/w Pt W or Hf/W
materials

. . : 3x10%3

Positron intensity (e*/s) 4x108 9x108 5x108 1.4x108 ~5x 108 >5x108
(calculated)
Re-moderated positron . . . ~10%0
- - ol
intensity (e*/s > 10 5x10 oo (expected) (O8)
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MLZ Instrument Suite I

MEPHETD
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POWTEX  ToRMS
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— Neutron Guide Hall West
Neutron Guide Hall East
Instrument Meutrons  Operated by Funding g‘:.’;:r:;!'r':Lz Instrument ipti Neutrons | Operated by Funding :‘;:::n:::l_z
ANTARES Radiography and tomography cold TUM TUM FRM Il PGAA Prompt gamma activation analysis cold Uni Kdln TUM FRM Il
BIODIFF Diffractometer for large unit cells cold TUM, JCNS TUM, FZJ FRM Il, JONS PLMA Three axes spectrometer thermal | Uni Gattingen, TUM | VE.TUM | FRM I
DNS Diffuse scattering spectrometer cold JCNS FZJ JCNS POLI Single-crystal diffractometer polarized neutrons | hot RWTH Aachen VFE.FZ) JCNS
HEIDI Single crystal difffactometer hot RWTH Aachen | FZJ ICNS — Time-gF fight i shermal | RWTH hadjg;l.suﬁ VE.Fz JoNs
JNSE Spin-echo spectromeler cold JCNS Fz1 ICNS Gtfingen.
KOMPASS® | Three axes spectrometer cald UniKéin, TUM | VE FRM Il REFSANS cold GEMS VF. HZG GEMS
HKWs-1 Small angle scattering cold JCNS =] JCNS RESEDA spin-echo sp cold TUM TUM FRM I
KWs-2 Small angle scattering cold JCNS FzJ JCNS REs| Single crystal diff thermal | LMU TUM FRMI
awsa Very small angle scattering old Jons == Jons SANS-1 Small angle scattering cold TUM, GEMS TUM.HZG | FRM Il GEMS
MARLA Magnetic refiectometer cold JCNS FZJ) ICNS SAPHIR" Six anvil press for radi y and di i thermal Uni Bayreuth VF FRM I
MEPHISTO™ | Instrument for partice physics, PERC cold TUM TUM,OFG | FRMHI SPHERES Backscattering spectrometer cold JCNS VF.FZl JCNS
MIRA Multpurpose insirument ol Tum Tum FRM SPODI Powder diffractometar thermal | KIT VETUM | FRMI
MEDAPP | Medical iradiati fast M TUM FRM I STRESS-SPEC | Materials science diffractometer thermal E'é""“-sm Clausthal. | rym 4z | FRM Il GEMS
NECTAR Radiography and tomography fast TUM TUM FRM I
— TOFTOF Time-of-fiight cold TUM TUM FRM Il
INEPDMUC Positron source, COBS, PAES, PLEFS, SPM |- UniBi Miinchen | TUM FRM I I ToRAs® Time-é-fight thermal | JGNS FzJ JCNS
NREX Refizctomater with X-ray option cold MPI Stutigart MPG MPI Stuttgart TRISP Three axes spin-echo spectrometer thermal | MPI Stutigart MPG MPI Stuttgart
PANDA Three axes spectrometer cold JCNS FZJ ICNS UCN" Ulira cold neutron source, EDM ultra-cold | TUM TUM.DFG | FRMII
“constnacton
“peconstrucion

WF: Instnament ojects)
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()7 Positron Converter (FRM-II)

cadmium beam tube

electrodes

platinum
Z7| ™ natural Cd

Pt structure: D,0

—= e* production -

- e*lenses He
Pt front plate: ;
- e* production N i / ;
-~ e* moderation o [‘T% Vacuum \

Experimental
tube

=M HEALA| Biological A=A
SR11 Shleld

beam tube L Ay == /
S Cd capE 50 mm 7147 0| >
n -y converter 100 mm magnet/iccoils %AO-IXI- Ei_!% 20% @é)l-

SIX{ H{F: Cd-113 enriched (80%)



Water
Tank

Reactor
Core
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L Quter Sleeve (b)

— Inner Sleeve
— Solenoid Coils
~—Vacuum Duct

— Cd-Cap

W-Strip Assembly

LHE A= Qlot Ots X
- positron yield Zt4&

™ W-Disk 50 mm




l ()7 Positron Converter (POSH)

Positron generation and transport

e
10 ® Measurement| ]
Simulation 1
E ]
(1) 4
Lost ]
c ]
S) [ ]
2 06F :
Q- A
o
G 04r g
= r ]
2 | ]
€ 02} R
5 [
3 [ ]
00 [ i i A A 1 A A A " 1 A " " i A i p
0 500 1000 1500 2000

Retarding grid potential / eV

<E >=1.16=*0.20 keV
pos

No Cd layer

W-source disks electrostaticlenses transport tube with coils
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07 Positron Converter $X|: ofLI= ST4

A4 75 mm HE2| positron converter ¢l ZQ
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] Positron C - (n,7,e") or (7,e*)

ositron Converter n,rv,e”)or(r,e

Cd(n,7) = pair production 113Cd(n,7)"4Cd ZE(FRM-II)
2 CdsEH:321C Al/Cd/Al £X: 1.35 kW

J  X-section: 2,450 barn (Cd-113: 20,600 barn)

Hf(n,7) = pair production
2 Hf==3:2,233C
2 X-section: 104 barn (Cd2| 1/24)

Fission r-ray 0|2
Sr-90/Y-90: 1.761 MeV (0.0138%)
Ce-144/Pr-144: 2.185 MeV (0.7%), 1.489 MeV (0.3%)
1-131: 1.077, 1.257, 1.378 MeV
Ru-103/Rh-103: max. 2.44 MeV
Ba—140/La-140: 1.596 MeV (95.4%) o
Cs-134: 1.365 MeV (3.0%), 1.168 MeV (1.8%) L
Ru-106/Rh-106: max. 3.54 MeV .. I S R S .
Xe-138: 2.015 MeV RN \\\ N\ \\ \\} NARH \\1 neutron capture
Neutron Capture r-ray 0|2 i 'y - emission

3 2H+n > 3H+y AR
7-ray energy: 6.257 MeV O PN SO

W or Pt Al
Z=H0| =0} 24X 29 JIs

s 2Z: 0.6 kW

=:9F2 kW

QEQA AL Zu} 150°C O/t RX| (5=H9| 1)
MH ™ 2% 28 90°C(D,00] 2|5t WE)

U 0O U0 U LC

coouoruououoc

pair production

[

pair production,
etmoderation and
etemission

- Cd &l Hf A8 = W/PLEHALE
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Positron Beam Transport & focusing

o AIES 018 Y 45 B B

Brightness enhancement

extraction coil

L remoderator o
N Ni(100) foil objective lenz
] /— - — Sample

monoenergetic e beam

I e* beam |:|

|><| N N |><| E electrostatic lens

helmholtz coil Final focusing

magnetic lens

I \V mesh
moderator Extraction from the magnetic
Positron field and first focusing
Beam
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@ Positron Beam Pulsing
0 MI|E, 714712 0|8st beam dynamics

A
£

(a) Source (b) Pre-buncher (c) Chopper (d) Main-buncher (e) Elevator (f) Accelerator

(a)
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@ Positron re-moderator

pump + gauge tube

extraction and electrical it magnetic
acceleration potential magn. dipole shielding
electrodes support

lens termination
(grid)

entrance lens

iron yoke

main coil

magnetic field

el. feed- termination

through
+ pump

primary beam

exit lenses

X_ re-moderated
~ beam

mechanical
support

magnetic field
entrance

\J iris aperture
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Figure 4.23: Cross section of the pre-buncher: @) is the active buncher gap, where the energy modula-
tion occurs. The additional electrodes (3) are used to spread the potential difference between the first
buncher electrode @) and the drift tube @ . Further electrodes &) are used to accelerate the positrons

to an appropriate energy for the following buncher. The electrodes (6 in front of the buncher gap
can be used to decelerate the incident beam in several steps to the low energy which is necessary for 5 Ve
the pre-bunching. To ensure that the sawtooth function is as less perturbed as possible the resistors, 4.5 /
capacitors, and inductors which are used to couple the dc voltage and rf signals into the electrodes S 4
are placed as near as possible to the electrodes onto a vacuum compliant board @). is the vacuum S 3.5 /
chamber on which the support @) for the magnetic shielding @ is mounted. ;g 2 z

g2 /

§15 |

w 1 /

0.5 /
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z [mm]
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@ PALS/PLEPS — Positron Annihilation Lifetime Spectroscopy

Energy Chopper
filter(™ k3
JE==10 T4

Pre-buncher

Buncher

Drift-tube

Accelerator

Wien-filter
Faraday-cage

Sample-station
Detector

Cryostat : : Z N ! :
.:%; ” ~0m ) e N

Fig. 2. Location of PLEPS in the reactor hall of the FRM-1L (1) Primary positron source

Sawtooth pre-buncher (50% intensity in 2 ns) NEPOMUC [8] and remoderator [9], (2) beam switch, { 3) beam line to PLEPS, (4) pre-
Double gap buncher (200 ps FWHM) buncher and chopper.

Accelerator (0.1-22 keV)
Faraday cage with a 5 mm hole

P. Sperr et al. / Applied Surface Science 255 (2008) 35—
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@ CDBS — Coincidence Doppler Broadening Spectroscopy

Beamline of NEPOMUC
with solenoid

First electrostatic
lens system

Beammonitor

Remoderation foil

Accelerator stage

Second electrostatic
lens system

Remoderation
chamber

7N

-
HpGe Detectors

Sample

C. Hugenschmidt et al., Applied Physics A (2024) 130:147



1 Applications — X} AXH

L| 2 8(Nb)1} At2H2 2| vacancy dynamics ¢4t

3 573-673K 2 HL{IM LI2E(Nb) =L 1 FIKSRF) cavity?| 2 *2|7}

22 BN KES M = £FO

O YHX 2% L|2E L vacancy dynamics EA}

* In-situ DBS: 10&
* VE-PALS: 393K O|A0|A

N _
=2 UF,

HRE 2% F7H343-523K)0 [HE &

St
=

H3t
523KUHAM LFXt +=H ZA(Nb,Or S 25t

« v—nH(T < 420K) — v(420K { T < 470K) — v-O(T = 520K)

©

[@)]

n
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T
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0.00
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©
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@
o

0.074 0.076 0.078 0.080
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1.5 keV YXXt &l 0|2 S-W plane (DBS) 21t
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2:500-
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o GRS e
[ S sy SRR ® 1
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S T et et
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11 Applications — 7tA Ea| Z0j

Gas separation0f] A2 &l= Z8184(100 nm O|PH mixed-matrix

membrane (MMM)2 H|Zs5t= M2 Ht Jjg
4 H,2t CO,E &2lok= MOF (Metal-Organic Framework) S0l 7%

s E=2 A
=

2 54 Wik CH, + H,0 — CO + 3H, , CO + H,0 — CO, + H,

X oo 2
- 3&H0| MOFZ HEIE|HA sub-nanometer 7|2 20| MH5| 57t
Radius (A)
1.66 A 2.85A
— CusiF.@PvA
Cu(SiF4)(pyz),@PVA

o

PDF

1000 1500 2000 2500
Lifetime (ps)

YAt +~H 2L MOFOIAM 2] EXt 27| H| W
Science 381, 1350-1356 (2023)
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1 Applications — XtMICH HHE{2] AXH

X o = (@) = St
=8 2k OfH 7|8t S= 2 HIEZ|F flIet 7.9 um FH|2| turing
membrane 7H&
4 Polybenzimidazole (OPBI)2& Co?* 0|20 H{QASIA|F THEM UL turing
membraneS AAol1l, 0| YZ2| OfH-H EE HHE{2|(AZIFB)O| HE
oYX EM(PALS): MEHOI0| B3 QAR HI| SN B4
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Applications — HZHAFO|E AXY

Lead—halide perovskitesO|A] lead vacancy defects= Al'H
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