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fate of a positron inside matter

- Outline

thermalization t~10 ps
open-volume
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oo L
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o annihilation'With

............... an electron and
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* Accelerator-based positron production and annihilation studies
at a superconducting electron LINAC: What marks the difference
to reactors and radio-isotope sources?

* Applying pulsed beams: positron annihilation lifetime
spectroscopy at thin films, bulk materials, and fluids

* Development of a pixelated detection system for position-
sensitive positron annihilation lifetime measurements and
experiments with structured targets and tomographic image
reconstruction

Member of the Helmholtz Association

DPG Spring Meeting, Dresden 2014 Andreas Wagner | Institute of Radiation Physics | www.hzdr.de



Isotopes, reactors, accelerators

Production of positrons in weak (mediated by W’s) or electromagnetic
interactions (mediated by photons)

neutron

(u d d) e e et
>>>/\AN\/ W
(ud u €

proton

Free proton decay is forbidden by energy conservation
- we need the proton inside a nucleus where it undergoes B*-decay
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Isotopes, reactors, accelerators

Production of positrons in weak (mediated by W’s) or electromagnetic
interactions (mediated by photons)

neutron
27 27Qi R+ 27
(ud d) v, et Al(p,n)?’Si(B*v,, 4.2 s) 2’Al
Al
Target
Proion »
Beam
J Slow
] Positron
Beam
1_\_
Water
Sumitomi Heavy Industries Cyclotron Cooling

18 MeV protons, 50 pA beam current
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Isotopes, reactors, accelerators

Production of positrons in weak (mediated by W’s) or electromagnetic
interactions (mediated by photons)

Use intense source of photons for pair production e e et
- Capture-neutron gamma-rays from reactor
113Cd(n,V)114Cd

i

v —
AIST, Tsukuba, Japan ELBE, Dresden el Medr
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- Positrons from accelerators

Accelerators can produce intense and pulsed slow positron beams.
LINear ACcelerators are favored due to their high beam power.

A) normal conducting LINAC (AIST)
E~ 50 MeV ]
lheak ~ 100 mA beam power
tbunch ~1 MS - 500 W
f ~100Hz sophisticated converter designs
rep _J :

and heavy shielding needed
B) superconducting LINAC (HZDR) |

E~ 50 MeV
lverage ~ 1 MA } beam power

frep ™ 10 MHz 50 kW

_/

stack of 50
100 um thick W foils

EPOS water-cooled
converter

"‘- - il ———ca)
DRESOEN T A
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- Positrons from accelerators

A

~2.8GHz /1 us /100 Hz / 10 pA |||| NC-LINAC in bunched mode

converter linear storage subh. buncher buncher
e —moderator chopper
— : : I I I
— —{|||~>: I > B > II >|| >I|->|
-~ ot :
1 s 10 eV 3ms 5ns 2 ns 250 ps
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' Superconducting Linear Accelerator with up to
40 MeV and 1.6 mA CW (= 64 kW power)
SC Structures by Cornell Univ. & Desy/TESLA
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= Facility layout ELBE.

~100 m

to high B-field lab
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Gamma-induced Positron Source 6@
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- MePS setup = variable positron energy 2 - 30 keV

annihilation lifetime spectroscopy
Doppler-broadening spectroscopy
with a mono-energetic

positron beam

age-momentum correlation

concrete
wall (3.2m)

W moderator

~ 3

™ =
E 03
o o %,
0 radiation _\ , "2;
N | converter %, %,
u * %

a
Yy

g LA
- N Qi e

1 1 11 131111311111

ELBE primary beam

L S5mm
e-

13Mhz/77ns | apertures

~ 100 kSv / s dose rate 'Y
AR = W
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Copper
Interlayer
dielectric

- Physics with MePS e

= Low permittivity materials for fast
switching semiconductor devices
(collab. with Fraunhofer ENAS / Chemnitz
N. Ahner, R. Ecke)

low-K materials CMOS dewce
=scaling of microelectronic devices 30 ey : N

-> thinner insulating barriers : m ST Rt |-
= materials with smaller permittivity 25 BLoo55555545555 5 gLl o ol
L —— p-layer 1
than bulk SiO, (g = 3.9) are needed
= reduce material density
-> generate free volume
- microporous layers with nm-sized
pores

—e—no plasma treatment | |
for low-k + 7 nm TaN _|_|

~10 nm metal layer

-I I . I.- I.-I e
-. ARty ]
R e

Fraction of micro-pores (& =1.5nm)/ %

400 nm

0 200 400 600 800 1000 1200 1400 1600 1800

SiO2 substrate Positron mean implantation depth / nm
"‘- - N E—
Meoncent g g VS
-
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- Physics with MePS

= Microporous silica-based membranes for gas
separation (CO,) in future power plants
w / FZ Jilich

= how does the depth distribution of micropores
(fabrication process) change the gas permission
through the functional silica layer?

A
6.0 BRI CEE A PR LR REALE RAD S RS RERAN RER SEER] CARRY RRSLY
5.5 [—|si ]
| AIZO3/ c
50 IS
| 3
g 40 Pt — g
ol [ " .
5 ' . O
<
o]
o
—e—Sample 1| ] @ @—>
[ —e—Sample 2| | He H, Co, N,
2,60 2,89 3,30 3,64

kinetic diameter / A

£ .

' - .
) MeDn
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- Apparatus for In-situ Defect Analysis:

AIDA

Gas loading ! | Helmholtz
4 point probe reactor i | Energy
resistance Chamber | i Materials
E-beam 6) _____________ _/ | Characterization
evaporator | g Platform
(2012 - 2015)
. TAIDAI
Positron accelerator/
decelerator E Cooling
_ > { @y | Heater
Positron beam i Resistive heating
-
) /
lon source
T ‘\‘
: ) ) : i XPS analysis 1
= real time experiments possible during L unit i
surface treatment (ions) and thin film i I
. v Chamberll )
growth (evaporation) pEEEEEEEEE R -
= adapts to MePS and CoPS _
= Talks: W. Anwand, M. O. Liedke, O. Yildirim Ml 2.8 e ) MR
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- Apparatus for In-situ Defect Analysis: AIDA

\

1

=g Helmholtz

Y Energy

Materials
Characterization
Platform
(2012 - 2015)

Germanium detector Germanium detector

sample chamber

) evaporator
Ion source

positron beam coils

£ .

' - .
e ) MR
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= \What about bulk materials, fluids, gases ...?

A

38 ns / 26 MHz SC-LINAC in CW mode
converter magnetic transport buncher
& —moderato chopper o
E E ........ I_I 3_
——f=—— > I > - | =] €
— " aasaaaas |_| g
- e+
10 ps 2 ns 100 ps
r:iudiator GiPS
e e’ w .
Y s  The Gamma-induced
%I | B N =N B B B B B B B B B | E . . . .
3 Positron annihilation
e
10 ps Spectroscopy
10 ps
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= positron production using electron-

bremSStrah I U ng M. Butterling, et al.,
Nucl. Instr. Meth. B 269 (2011) 2623
E, =15 MeV
|, =900 HA
T =26 MHz pus
o, < 10 pS Sloctron beam B

radiator

Annihilation Lifetime Spectroscopy
(Coincidence) Doppler Broadening
Age-momentum Correlation

studies done so far:
= - water, glycerol from 10°C to 100°C
- animal tissue
- metals and alloys
(Talk: M. Reiner Ml 2.8)
- neutron-activated reactor materials

photon beam
2 cm diameter
108 cm2 s

Nb foil: 103 X,

£ .

' - .
) MeDn
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% Gamma-induced Positron Spectroscopy

4

A

~ 1 ps /100 Hz

conventional LINAC mode
pulsed RF, highest energy

typically pile-up problems
F.A. Selim, D.P. Wells, J.F. Harmon, et al.

»

counts per 6.3 ps

38 ns /26 MHz

e N e B B A W e S
steel, irradiated with neutrons, 6.0 MBq activity (6°Co)
iron, annealed

3 1, = 108.6 ps

7, = 99.7 ps (46.6 %)

E ] 1,=191.1 ps (53.4 %)

4

'.

4
e ..-.f.-.-.'.-f:'.-; : e ol o et e e o S s
=

'1» ot o ta 3
e 15w immenon o e e men o ¢ e e e
—“; i ;‘l ”;‘ | Y T I ; PRY PO DRl LOpr o Lttt b ; JV‘: ] " ;‘. L ;

22 23 24 25 26

27 28 29 30 31 32 33 34 35 36 37 38

Nucl. Instr. Meth. A 495 (2002) 154

SC-LINAC in CW mode
highest average power —
high yield and low pile-up

High resolution lifetime spectrum with
signal to noise ratios of better than 10°:1
using gamma-gamma coincidence
techniques for background reduction.
Lifetime spectra are free from artefacts.

— Long lifetimes reveal atomic defects
caused by neutron-induced damage.

— Can (and how) defects be removed by
thermal annealing?

£ .

Time [ns]

DPG Spring Meeting, Dresden 2014
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% physics with GiPS: RPV steel

Reactor vessel steel becomes brittle due to neutron- fata of 2 ggsitron inglge matter
induced defects like open-volume defects. The atomic Q o Q o
thermalizati pping

defects act as seeds for cracks.

open-volume

Collaboration with Institute 7 :,..@a@i"h“ag
for lon Beam Physics and WY ¥&_an electron and

Materials Research.

Talk: M. Butterling M1 2.8

320 ! L L 7 J ! ' 0.9 T T T da T T T
200 |_l5\-"l I neutron-irradiated RPV steel J_ g 08 —_ ‘. neutron irradiated RPV steel ‘:
® g - S .
280 O . S orf = _—
. i ) L : 1
7] 3 O g
1 3 06| : -
-g 260 {4 v il s | o
£ 2 os5f i
=240 - " . i £ I
g [3 \.r] § 04 | g
S 220 F . g |
= < 03} .
w C
o (== L i
c ; i
i ' o -
[
160 7/ 00— ) 7 — :
a) ref a) irrad a) heat b) ref b)irrad 1 b)irrad 2 a) ref a) irrad a) heat b) ref b)irrad 1 b)irrad 2
8.9-10" nicm® 4.310" nfem® 4.7-10" nfem® 8.9-10" n/cm? 4.3-10" n/cm® 4.7-10" n/cm?
— Preferential formation of double vacancies
. o . e .
— Thermal annealing (290°C) not sufficient to remove defects! onesoen &\ et —

concept ")
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B Physics with GiPS: Fluids

Conventional lifetime measurements:
—> dissolve 22Na and dispose it afterwards

Positrons from bremsstrahlung
— homogeneously distributed, sharp time stamp

Target is temperature-stabilized, continuously
circulated, degassed, dry-nitrogen flushed.

Positron Physics
Ortho-Positronium (o-Ps) in a fluid forms a bubble
given by its zero-point energy and the surface

tension.
We know estimate the change of the o-Ps pick-off
annihilation lifetime with temperature in a bubble

created by the o-Ps itself....

R.A. Ferell, Phys. Rev., 108,167, 1957
S.J. Tao, J. Chem. Phys., 56,5499, 1972

Kaptén tube target

0-Ps

tt

142 ns

p-Ps

M. Eldrup et al., Chem. Phys., 63,51, 1981 onesoen &) e ram
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B Physics with GiPS: Fluids

2
—h—A\P+U(r)‘P =EY
2mPs

¥ =R(r) ©(9)-(p)
R(I‘)= Rojl(kr)

. sinkr
Jo(kr):

stationary Schrodinger egn.

Ansatz: spherical Bessel fct.

15t non-trivial solution

kr
h2 7z_2h2
E, = _ = > zero-point energy
8mpsl‘0 4mer() 2
Esurf = 47”-0 o
0
—(E.+E_ . )=0
aro ( 0 surf)
212
2m,r,
2
rO =4 ﬁh = 43 A
16m, o
2
- 472'807'21 B hc : =1.06A
mﬂe a mﬂc
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- Physics with GIPS: Positron Chemistry

Experiments with water are in variance with a simple bubble-type model.
Extension: chemical reactions between radiolysis products of the slowing-
down of the positron = Ps chemistry.

1.90 e e e e
H3O+ . GiPS:
. . . 185 = ot e p-Ps ¢ freee ¢ o0-Ps
— Radicals are positron scavengers which reduce - ... - Stepanov et al.

annihilation lifetimes.

—> Extended bubble model including chemistry
[S.V. Stepanov et al., Mat. Sci. Forum 607]
describes data well.

— Relevance for PET diagnostics since 2y / 3y ratio
is affected.

—> Chemistry of radiolysis directly accessible since

the probe creates the ionization itself Tepesatze. 3

Member of the Helmholtz Association
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% Towards Imaging of defects

Material failures impose a significant threat to the integrity and the safety
of technical systems. A thorough understanding of the microscopic origin
and the development of defects requires advanced methods.
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- Motivation

Establish a non-destructive and non-intrusive method which allows for
spatially resolved positron-lifetime spectroscopy. Reconstruct PET-like
images plus positron annihilation lifetime.

Possible Applications (list not complete):

* Porosimetry

* Medicine in-beam positron lifetime spectroscopy during hard x-ray
tumor therapy

 Engineering pre-failure diagnostics of micro fractures
fuel rod inspection

. Fuel rod
A cross section of fuel rod

APS Physics & Society Newsletter o TN = e
2011. R. Hargraves, R. Moir concert Rl a2l
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- Prerequisites

* Intense source of positrons with deep penetration (cm) =15 MeV X-rays
* Accurate time-stamping of positron creation (<10 ps) CW LINAC
* Position-sensitive positron detectors (mm) Siemens LSO PET
* Time-resolution for lifetime spectroscopy (~100 ps) in-house (physics)
* Efficient data acquisition in-house (physics)
* 3-Dimage reconstruction in-house (medicine)
sample
e a'

Gamma-induced Positron Spectroscopy
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% Towards 2/3-D positron lifetime tomography

* Two position-sensitive photon detectors with 169 elements each

LSO-based commercial 13x13 PET pixel

4 mm x 4 mm x 2(Emm LSO crystals
detector ¥

pirale (E...

Topogram_m 1.0 T20s

o
S
o
=
o
o
=
S,
(&)
N
[
<
o
N

RE 4 ' ‘-

©Siemens courtesy: university hospital Dresden

Schadel*009 Felsenbein S

Lutetium oxyorthosilicate
Lu,SiOg:Ce

e Each crystal array read out using 4 PMT

* Summed PMT signal -> gamma energy

e Correlation of individual PMT signals ->
position

e Positron annihilation time given by sum
over all 8 PMT involved
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% Electronics (VME)

block detector

transimpedance NIM

amplifier

N

L~ 25m

VME
CAEN CAEN
ﬁi? V1495 V1290
FPGA TDC CES
RIO4
CAEN ROC
- V965
QDC

Multi-hit and multi-event buffered
readout in VME block mode and readout
with 10 ps dead time for 36 channels
(QDC & TDC) per event.

Throughput is about 10 MB/s sustained.
Data acquisition and analysis framework
using Multiple-Branch System MBS by
Helmholtz-Center for Heavy lon Research

(GSI).

DRESDEN ‘
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- Calibrations

| Energy LSO_0 | | Positron Lifetime |
300002— 105%
25000 bl =225 ps
e AE/E (FWHM) = 0.121 35
) C 8 107 =
§15000:— S -
- S
10000 — =
C 10 =
5000 — =
0: 1 1 1 III 1 1 I 1 1 1 | E— | 1§_ II\\Illl\\lll\\llll\‘IIII‘\III'\\»“I'\\I
0 200 400 600 800 1000 40 -5 0 5 10 15 20 25 30
Energy / keV ean - tacee) /NS
Pixel Ls0_1]
E=E +E,+E,+E
Imﬂo 1 2 3 4
1
800 t = Sttt 4t - tccel
600
_ (E,+E,)—(E,+E,) _ (E,+E,)—(E,+E,)
4
400 E +E,+E.+E, E +E,+E.+E,

.00  Calibration done using 7 cm x 7 cm aqueous 8F source
w/ 200 MBq (T, = 2 h) produced in-house.

.
-1 " - —
-1 -08-06-04-02 0 02 04 06 08 1 DRESDEN ™M i 'R
X concept v)
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- Sample cases

Proof of principle, first test
Simple 2D target

— proof of principle

- simple back-projection method

3D target
—> Reconstruction of data as a function of life time

Real world sample (cutout from 94 T magnet coil)
—> What we can learn from our method

Member of the Helmholtz Association
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- Setup and results: 2D image reconstruction

Y [mm]

0
X [mm]

o

"B
Ly

Hig

Sample selected to give balanced positron yield.
Lifetime-gated 2D reconstructed image by back-projection. -~ .

DRESDEN
concept
Pt
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. .
3D reCOnStrUCtlon 3D tomography applied for

the first time using bulk

Bremsstrahlung beam volume positron production.

- Target is rotated in 2 deg.
V ' steps and the image is
oz 14 i — reconstructed using a cubical

_ i
,,—!—l-\ (30 mm)?3 voxel space and
l \

| \

g back-projection algorithm.

e
Emnww

A O W W W
O W
e

EEEEEEEEEREREE)

e () HZDR
T
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% Maximum Likelihood Expectation Maximization

Iterative method for image reconstruction based on a

~algorithm developed in PET
§Eel | [L.A. Shepp, Y. Vardi, IEEE-MI 2 (1982) 113].

Aluminium

,//
[

il e,

\

Copper
(&) Solves the inversion problem numerically where one

has a system matrix M an a-priori unknown source

distribution § and a measured distribution r.

o\ . .
M . The system matrix has a size of
* S — r 132 x 132 x 180 x 303 =138 x 10°.

1
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o MLEM

1075—
A,Iurﬁi‘hium - 100
[/ — ‘!teel ‘ ;
\ | 10° =
Copper‘ 2 g

"“E  short

ol gate

W0y s sswes slsa Bbsd sun sy psdg ranley
-20 -10 0 10 20 30 40
positron lifetime / ns
step 2
all prompt long

x-length/px
X-length/px
X-length/px

10 15 20 25 10 15 20 25 10 15 20 25

z-length/px z-length/px z-length/px
. '-‘- - Y E——
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o MLEM

1075—
Aluminium - oL
—_— Jteel i
1 10°
Copper. ’ 2 S
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o MLEM

1075—

Aluminium - il

St Jteel B

| 10° =

Copperl 2 =
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o MLEM

Aluminium

f o, Jteel

Copper

step 20

all

x-length/px

10 15 20 25
z-length/px

20 |teration
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105;—

1055—

'“E  short
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1 S A
20 10 0

prompt
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10 15 20 25
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positron lifetime / ns
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) MeDn
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o MLEM
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o MLEM

Gating on positron lifetimes with

Alurminium 225 ps timing resolution.

o B
Copper.

Now the Al is clearly discriminated against the
surrounding Teflon.

all prompt prompt / all

=

N
w

x-length/px
[ N
w o
x-length/px
x-length/px

=
o

10 15 20 25
z-length/px

z-length/px

' - N ——
) MeDn
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Lifetime-sensitive analysis HLD.
B-field coll
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Cut through the record coil which reached 91.4T
peak field. Coil is fed by the world’s largest
capacitor bank w/ 50 MJ stored energy.
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- Tomography: B-field coll
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B |ifetime-sensitive analysis: B-field coll
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Lifetime-sensitive analysis: B-field coll
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Now, we select specific voxels and determine the annihilation lifetimes for spatially
separated regions. Since the voxel is identified as an ensemble over all possible
lines-of-response between two detector crystals, the lifetime distribution is a
convolution as well. Some real physics questions needed ...
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= Summary

Positron laboratory 111c

rce
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accelera
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wall (3.2m)

Summary:
* Accelerator-driven positron production
* Annihilation lifetime spectroscopy
for semiconductors, membranes, fluids,
reactor materials...
e First results for 3D tomography
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Application deadline for

Collaborations 2014 experiments: May 5t
http://www.hzdr.de/elbe/

Helmholtz-Zentrum Dresden- Martin-Luther-Univ. Halle-Wittenberg

Rossendorf

Thomas E. Cowan* Reinhard Krause-Rehberg

Wolfgang Anwand Nicki Hinsche

Maik Butterling Marco Jungmann

Klaus Heidel Arnold Krille '

Mathias Kempe * Andreas Miller .

Macie] Oskar Liedke
Fine Fiedler
Fabian Fritz”~

Kay Potzger
Thu Trang Trinh

';,ll

MARTIN-LUTHER-UNIVERSITAT
Y/  HALLE-WITTENBERG

- ’ i
0 m . =
Institute of Theoretical Py =2 UNIVERSITAT LEIPZIG
rime e %

and E?(pe imental IBE Resgarch y > > \ . N 7
Physics Moscow Centre Mumbal % Fraunhofer Ben Gurio f 4 25 7 ’ H E L M H 0 LT Z

the Negev N
s il 8 Ogeyg8 (o dmale Lomonosov Moscow

State University arl > I ASS 0 C IATI 0 N

Member of the Helmholtz Association
DPG Spring Meeting, Dresden 2014 Andreas Wagner | Institute of Radiation Physics | www.hzdr.de




= More e* talks and posters

I T

T. Staab Positron p-beam Monday, 10:00, MERO2
U. Ackermann 4D-AMOC Monday, 10:45, MERO2
M. Dickmann Scanning positron microscopy Monday, 11:00, MERO2
H. Ceeh 2D-ACAR w/ Ni Monday, 11:15, MERO2
B. Lowe CDBS & ACAR Monday, 11:45, MERO2
M.O. Liedke MePS In-situ defect analysis Monday, 12:00, MERO2
W. Anwand SPONSOR lon damage in ZrO, Monday, 12:15, MERO2
M. Butterling GiPS RPV steel Monday, 12:30, MERO2
M. Reiner GiPS Open vol. defects in MnSi Monday, 12:45, MERO2
F. Schumann Positron-electron pair emission Monday, 18:15, GER38
T. Gigl Positron p-beam Wednesday, 17:00, P4
J.A. Weber 2D-ACAR algorithm Wednesday, 17:00, P4
T. Koschine Carbon nanotubes Thursday, 15:00, P2
O.Yildirim  SPONSOR TiO,:Co Friday, 11:30, POT251
S. Zimnik Pt & Fe/Pt surfaces Friday, 12:45, GER38
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