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Positron Annihilation Lifetime Spectroscopy

/ Technical Status Update on PA Lifetime Spectroscopy\
Experiments and Results

Outline
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e Methods and Materials
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e Future Work
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Positron Annihilation Lifetime Spectroscopy

/ Goals of Study \

e Construction and optimization of a Positron Annihilatior

Lifetime Spectrometer
—Capable of distinguishing between defect and defect-free

—

material samples

e Source-based experiments: Benchmarking to literature

values
—Annealed samples (bulk/non-defect)

—Unannealed (defect)

e Accelerator-based experiments: Feasibility studies ano
reproducing source-based measurements
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PALS Overview \
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Positron Annihilation Lifetime Spectroscopy

/ 22N a Positron Source \

® 22Na is a well known positron source 22Na

— Fast Plastic .C. (9.4%)
i BAF, (N0 grease) B+ (90.6%)

T R R y 1274 keV

8
Source used:

“Tﬁégﬂe%"g" 50 Ci created in 2007

 340keV ; ;
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NaCl solution placed between two thin
Kapton tape films

\_ /

Dustin McNulty, Idaho State University Department of Pbgsi http://www.physics.isu.eduhcnudust




Positron Annihilation Lifetime Spectroscopy

-
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Positron Interactions: Thermalization

Thermalization is the process of reducing the kinetic ® & & ¢
energy of the positron to reach thermal equilibrium ®©.6 6 6
with the surrounding environment. . _€

E, < 20 MeV, lonization ® & ¢© ¢

E, <5 eV, Plasmon excitation

E, < 0.1 eV, Positron-Phonon Interactions ® © & ¢
Background energy at room temperature: ~ 1/40 elV/ Tthermatization ~ 10772

—-10
Tlifetime ~10 5

Positron Intensity

2

cm
P,(x) = e~%+% o 17.0—9 P -
¥ (Emax)1'43
x: thickness of sample E. ..: maximum positron energy in MeV

a,: positron absorption coefficient p: sample mass density in g/cm3

~
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Positron Annihilation Lifetime Spectroscopy

22Ma Ec Decay, E(ave)=194 9 keV, E{max)=1820.2 keV

'{ —Belas per
1076 decays
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EnergylkeV)

Material Density (g/cm3)
Aluminum 2,70
Nickel 8.908
| Copper 8.94
Lead 11.34

Source positrons
only penetrate
50 um into materials

Paositron Intensity (%)

Positron Intensity (%)

Positron Interactions: Penetration Depth

A4 poen

E,.= 194.9keV
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Positron Annihilation Lifetime Spectroscopy

m”: effective positron mass
f(#,t) : positron distribution

/ Positron Interactions: Diffusion
Diffusion — Annihilation Equation ® & ¢© ¢
af (7, t) _— _ F p
ot = BTHED =L+ kDGO =T D CO+ 0D @ @ . @ ©
+w
D, : diffusion coefficient Vrms: 0ot mean square of the positron thermal velocity S O 0 e
Wb B 3kT
D+ = — Vpns = *
2 3 > ® © & ¢
vy : positron drift velocity due to external fields k : Boltzmann constant
7 : relaxation time T : temperature of the system

~

fi(#,t) : positronsource term / Mean free path of positrons
3D,
(l)=

\ Vrms

1 terr () = Aepf(F) = A + 1p ()
(1) : average distance travelled between successive

Tess () : effective positron lifetime scattering events

Aess () : effective annihilation rate
Ap s annihilation rate in bulk material

\KD(F) : trapping rate Y, Qtal diffusion length ~ 103 A

Positron mean free path in metals ~ 102 A

N\

/

\/‘\“ —
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Positron Annihilation Lifetime Spectroscopy

/ Positron Interactions: Trapping \

Material with microdefects

V(r)

Annealed Material

Longer lifetime

v
. Shorter liifétximev ;‘ e

(o]

Position

/ Positron Trapping in Materials \
dcy L O D)
——=—gp Ar — Cp Kp{r) +
( oy P . \ dt b \f b D( ) 6t
V/Tepp () = Ao () = A4 +1p (F) e
D -
Tepp (F) : effective positron lifetime dt = —cp Ap + ¢p kp(F)
A r) : effecti ihilati t
et (T)_ -e ?c Ve anlnl ration e .e kp(7) : trapping rate within defect regions
Ap, : annihilation rate in bulk material - , o ) ) .
_ , c, : probability at time t of finding positron in a specific
\KD(F) : trapping rate ) region

Q : annihilation rate in a region /
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Positron Annihilation Lifetime Spectroscopy

/ Positron Interactions: Annihilation

Direct Annihilation Positronium Annihilation

para-positronium (p-Ps):
* Singlet state
* 124 pslifetime

* Triplet state
* 142 nslifetime

[ Mec Hnl,cc 5 B HNED ]

=

* 2y emission favored

ortho-positronium (0-Ps):

* 3y emission favored

~

/
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-~

Green: Timing Circuit
Orange: Energy Circuit

PALS Spectrometer
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Positron Annihilation Lifetime Spectroscopy

-
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Positron Annihilation Lifetime Spectroscopy

/ Experimental Setup
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Positron Annihilation Lifetime Spectroscopy

/ Scintillator Properties

ﬂSarium Fluoride

Has a fast and slow component

A :

Fast scintillation light is emitted in UV bands centered at 220 and 195 nm. A \_.-/
Decay time of fast component varies between 0.6 —0.8 ns

Quartz window on PMT required to detect fast component

Slow scintillation light is emitted in band centered at 310 nm.

Decay time of slow component varies has an average value of 630 ns
15 % of produced photoelectrons are produced by the fast component
85% of produced photoelectrons are produced by the slow component
Has index of refraction of 1.54 (220 nm) and 1.5 (320 nm)

2.54 CM

0.866 cm
>

BC-418

/ Vo

(BC-418 Fast Plastic

= Light output, % Anthracene: 67

= Risetime of 0.5 ns

= Decay time of 1.4 ns

= Pulse Width, FWHM of 1.2 ns

= Scintillationlightis emitted at max 391 nm

N

2.2Cm

\_

v

\ = Has index of refraction of 1.58

J
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Positron Annihilation Lifetime Spectroscopy
/ PMT Specifications (Hamamatsu R3377) \

Manufacturer Specifications
Part Number R3377
Type Head On
Size 51mm
ActiveDia/L 46mm
Min A 160 Nnm
Max A 650 nm
Peak Sens. 420 NmM
Window Quartz
Cathode Type Bialkali
Gain 2.50 * 10°
Dark Current after 30 min. 100 nA
Rise Time 0.7 N5
Transit Time 16 ns
Transit Time Spread 0.37 N5
Number of Dynodes 8
Applied Voltage (Applied) 3000V

\_ /
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Positron Annihilation Lifetime Spectroscopy

-

Physical Properties of Test Samples

~

/" Aluminum Nickel Copper 4 Lead )
el : Foil: P . Foil: 0.55 mm thick,
S cammine s || s
Thin Disk: Thin Disk:

1 mm thick, 1 mm thick,
Q9-9997% pure / 99-999% pure \_ /
Literature Positron Lifetimes in Metals in ps
Metal 4 Theoretical Experimental
Bulk Defect Bulk Defect
AT-SUP LMTO-ASA AT-SUP LMTO-ASA

Aluminum 13 | 168 | 160 165 153 | 244 | 231 | 250 | 237 | 165 163 | 244 | 244

Nickel 28 | 96 108 96 108 | 166 | 177 | 169 | 182 | 109 110 | 180

Copper 29 | 108 130 105 118 | 169 | 200 | 178 | 194 | 120 | 100 | 180 | 173

Lead 82 | 190 214 188 197 | 277 | 329 | 293 | 324 | 204 | 194 | 294

\_

Dustin McNulty, Idaho State University Department of Pbgsi http://www.physics.isu.eduhcnudust

/

15



Positron Annihilation Lifetime Spectroscopy

-

Aluminum

Process of Annealing Samples

Melting

Material Point (°C)

Anneal

Point (°C)

\_

Nickel

L =100 °C/hr
dt

Temperature (°C)

Annealing realigns atomic

lattice to original configuration,

thus removing any material
defects

Annealing Profiles

—u— Nickel

1200 |-
i i —u— Copper |
1000 |- o | | —=— Aluminum
I/ |‘ 1
800 |- {---l ‘
/ m
| l. \
600 |- /-/ g
P y =
400 W = { A
/ ] \
s \ .
200 / i 3
- . 3
-/ s o .\-\_ "
0 ./ k". g o g m
1 4 1
0 5 10 15 20

Time (Hours)

25

~

/
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Positron Annihilation Lifetime Spectroscopy

-

E-E=E

Timing Optimization (Fast Plastic)

* Energy calibration completed using Compton edges

E L~

» 1+(1—c059)E= 2 E+m,c?

Timing Resolution of Co Peak
with Fast Plastic Scintillators
T T
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L = Data
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_ { 1
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2 i \
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@ 400 - |
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\_
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~
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Positron Annihilation Lifetime Spectroscopy

-

\_

Events / channel

Timing Optimization (BaF »)

Energy calibration completed using Photopeaks

E =hv

Timing Resolution of “Co Peak
with BaF, Scintillators
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Positron Annihilation Lifetime Spectroscopy

/ Lifetime Extraction

Positron lifetimes are extracted from the spectrum given by C(t)
C(t) =R(t) ® S(t) = [, R(t —tp) S(to) dtg

Timing resolution function, R(t)

R(t) = )" FWHM = 2v21n 2
=y — = o-
V21 o? - 207
Multiexponential Model Two-State Trapping Model
i I; t I
S(to) = 7 PT S(to) = cpdp + z Cidi
=1 i=1

cp = exp(—Ap t)
Ki
Ap — A

Lifetime intensity: |
Positron lifetime: T
Annihilation rate: A
Trapping rate: k

C; =

\_

lexp(— A;t) —exp(—Ap t)]

/
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Positron Annihilation Lifetime Spectroscopy

-

\_

Kansy LT10 Software

Developed by Dr. Jerzy Kansy and Dawid Giebel

= University of Silesia, Poland
Version 10.1.5.7
Used for analyzing positron lifetime spectra

Software has ability to extract positron lifetimes in annealed and
unannealed materials

Performs chi-squared minimization between the theoretical fit and
experimental data

Parameter Type  Definition

~

Local Free Software-defined individual parameters values

Local Fixed User-defined fixed individual parameter values
Common Free Software-defined common parameter values
Common Fixed User-defined fixed common parameters values
Partially Common  Select common parameters within a series of spectra

/
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Positron Annihilation Lifetime Spectroscopy

/ Source-based Fast Plastic Result$?Na without Sample\

*Na Lifetime with No Sample

Experimental Spectrum
+ Positronium ¢ = 0.124 ns
Kapten © = 0.367 +/- 0.002 ns
- Background t = 1.945 +/- 0.008 ns
Theoretical Spectrum
12 / dof = 1.1996

100000

3 - | Timing Response: FWHM: 0.224 +/- 0.001 ns . .
g A Thin Foils Background

100

1 1 n 1 1 1 1
4 6 8 10 12 14
Time (ns)

#Na Lifetime with No Sample

Expenmental Spectrum
= Paositronium r = 0.124 ns
100000 | Kapton ¢ = 0.3733 +/- 0.0007 ns
‘ Background « = 2.0354 +/- 0.0014 ns
Theoretical Spectrum

(21 dof = 1.3224

» 10000
a iming Response: FWHM: 0.2294 +/- 0.0005 ns
uwn
@

o 8

Thin Disks Background 3 oy
g
w N
100 b e Y

10F
i

1 1 1 1 1 L " 1 i ]
\ Time (ns) /
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Positron Annihilation Lifetime Spectroscopy

Annealed Aluminum Foil

Experimental Spactrum

Sample (Bulk) < = 0.1649 +/- 0.0001 ns
Pasitronium = = 0.124 ns

Kapton 1 = 0.367 +/-0.002 ns
Background « = 1.845 +/- 0.008 ns
Theoretical Spectrum

100000 |

10000

',_2 / dof = 1,533

Timing Response: FWHM. 0,224 +/-0.001 ns

1000

Events / 4.85 ps

Annealed Aluminum Disk

Experimantal Spectrum

Sample (Bulk) « = 0.1603 +/- 0.0001 ns

0000 & |+ Positronium = 0,124 ns
Kapton « = 0.3733 +/- 0.0007 ns
Background 1 =2.035 +/- 0.001 ns
Theoretical Spectrum

£ | dol = 1.9735
Timing Response: FWHM: 0.2295 +/- 0.0005 ns

10000 |-

1000

Events / 4.85 ps

Time (ns)

Events /4.85 ps

Events / 4.85 ps

Source-based Fast Plastic Results: Aluminum

Unannealed Aluminum Foil

100000 |

10000 ¢

Experimental Spactrum
Sample (Defect) - = 0.2341 +/- 0.0008 ns
Pasitronium + = 0.124 ns
Kapton 1 = 0.367 +/- 0.002 ns
Background = = 1.945 +/- 0.008 ns
Theoratical Spectrum
;‘2 i dof =1.436
Trapping Rate: 5.7537 +/- 0.658 ns
Timing Response: FWHM: 0.224 +/- 0.001 ns

100000 |

10000 1

1000

100

Time (ns)

Unannealed Aluminum Disk

Experimental Spectrum
Sample (Defecl) : = 0.2167 +/- 0.0004 ns
Positronium « =0.124 ns
Kapton «=0.3733 +- 0.0007 ns
Background r = 2.0354 +/- 0.0014 ns
Theorelical Spactrum

'/ dof = 1,6627

Trapping Rate: 63.752 +/- 5,346 ns '

Timing Response: FWHM: 0.2295 +/- 0.0005 ns

Time (ns)
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Positron Annihilation Lifetime Spectroscopy

Events / 4.85 ps

Events / 4.85 ps

Source-based Fast Plastic Results: Copper

Annealed Copper Foil

100000 |

Experimental Spectrum

Sample (Bulk) r = 0.1218 +/-0.0138 ns
Positronium © = 0.124 ns

Kapton « = 0.367 +/- 0.002 ns
Background 1 = 1.845 +/- 0.008 ns

10000 ki Theoretical Spectrum
{ +2 1 dor=2.589
1 Timing Response: FWHM: 0.224 +/- 0.001 ns
1000 | c T 7
100
10 -
1 1 1 L
4 ] 8 10
Time (ns)
Annealed Copper Disk
Experimental Spactrum
Sample (Bulk) « = D.1206 +/- 0.0001 ns
100000 Positronium = = 0.124 ns
Kaplon © = 0.3733 +/- 0.0008 ns
{ Background 1 = 2.0354 +/- 0.0014 ns
10000 Theoretical Spectrum
i 1/ dof = 2.6454
Timing Response: FWHM: 0.2295 +/- 0.0005 ns
1000 |
100 .
i
10

Events / 4.85 ps

Events / 4.85 ps

Unannealed Copper Foil

100000 |

10000 |

Experimental Spectrum

Sample (Defect) r = 0.1791 +- 0.0002 ns |
Positronium « = 0.124 ns

Kapton ©= 0,367 +- 0.002 ns
Background : = 1.945 +/- 0.008 ns
Theoralical Spectrum

72 Jdof=1485

Trappirg Rate: 6.565 +/- 0.004 rs’'
Timing Response: FWHM. 0.224 +/- 0.001 ns

Unannealed Copper Disk

100000

10000 -’-'

1000 |-

Experimental Spectrum
Sample (Defect) « = 0,1676 +-0.0002 ns |
Positronium « = 0.124 ns
Kapton t = 0.367 +/- 0.002 ns
Background ¢ = 1.945 +/- 0.008 ns
Theoratical Spectrum
72 fdof= 1485
Trapping Rate: 5 665 +/- 0.004 ns’
Timing Response: FWHM: 0.224 +/- 0.001 ns

Time (ns)
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Positron Annihilation Lifetime Spectroscopy

Events / 4.85 ps

100000

10000 f:

1000 |

Source-based Fast Plastic Results: Nickel

Annealed Nickel Foil

Experimental Spectrum
Sample (Bulk) : = 0.1068 +/- 0.0002 ns
Positronium £ = 0.124 ns
Kapton ¢ = 0.367 +/~ 0.002 ns
Background 1 = 1.945 +/- 0. 008 ns
Theoretical Spectrum
1 1dot = 1.803
| Timing Response: FWHM. 0.224 +/- 0.001 ns

0 2 4 6
Time (ns)

Evenls / 4.85 ps

Events / 4.685 ps

Unannealed Nickel Foil

100000
10000 b [ N
1000

100 k

Experimental Spectrum
Sample (Defect) - = 0.1543 +/- 0.0003 ns
Positrenium = = 0.124 ns
Kapton 1 = 0.367 +/- 0.002 ns
Background 1 = 1.945 +/- 0.008 ns
Theoretical Spectrum

£ dot = 1.451

Trapping Rale: 46.126 +/- 2.26 s’

Timing Response: FWHM: 0.224 +/- 0.001 ns

100000

10000

1000

100

Time (ns)

Oxidized Annealed Nickel Foil

Experimental Spectrum

Sample (Defect) « = 0.1254 +/- 0.0005 ns
Positronium 1 = 0.124 ns

Kapton r = 0.367 +/-0.002 ns
Background = = 1.945 +/- 0.008 ns
Theoretical Spectrum

o2l dol = 1325

Trapping Rate: 22 269 +- 186 ns’
Timing Response: FWHM: 0.224 +/- 0.001 ns

Time (ns)
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/ Source-based Fast Plastic Results: Lead

Lead Folil

Experimental Spectrum

100000 _________________________________ - N———— ___________________________ ¢ Bealasinaeii e
' ' Kapton t = 0.367 +/- 0.002 ns
Background t = 1.945 +/- 0.008 ns

Theoretical Spectrum

22 1 dof = 1.910

Sample (Bulk) r = 0.2024 +/- 0.0003 ns

Timing Response: FWHM: 0.224 +/- 0.001 ns

Events / 4.85 ps
=
3

\ Time (ns)
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Positron Annihilation Lifetime Spectroscopy

Comparison of Current Literature to Measured Positron Lifetimes in Materials in ps

/ Source-based Fast Plastic Results: Summary \

Metal Z Reference Source — Based
Bulk Defect Annealed Unannealed
Foil Disk Foil Disk

Aluminum | 13 | 165 | 163 | 244 244 | 164.9+x0.1 | 160.3*0.1 234.1+0.8 216.7 £ 0.5
Nickel 28 | 109 | 120 | 180 - 106.8 £ 0.2 - 1543502
Nickel Oxide | 28 : - - - 125.4 + 0.5 - -
Copper 29 | 120 | 100 | 180 173 | 121.8+14 120.6 +0.1 179.1+ 0.2 167.6 + 0.2
Lead 82 | 204 | 194 | 294 - 202.5+0.4 - -

*All data taken using fast plastic scintillators

\_ by
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Positron Annihilation Lifetime Spectroscopy
f Source-based Conclusions \

e A high precision lifetime spectrometer has been constduatel
successfully benchmarked; Brian Wieland’s Masters degree

e Bulk positron lifetimes in high-purity aluminum, copperckel, and
lead are in excellent agreement with current literaturaesl

e Measured defect lifetime values may differ from literatuadues as a
result of different types of defects within the unannealaahgles

e Spectrometer is capable of resolving difference betweaeard
and unannealed samples

e Spectrometer is capable of detecting surface defects ddnyse
oxidation of materials

e Additional studies will need to be completed for Bag€intillators

e This study lays the foundation for future accelerator-dgsasitron
\ annihilation lifetime spectroscopy to access volume d&iensities/
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-

\_

Accelerator-based PALS \

¢ Initial Goal: Reproduce source-based lifetime measurésngsing
the2’Al(p,y)?8Si proton-capture reaction

e Decay of excited Si nucleus often produces two or more plsoton
One is used as the positron “birth” signal while the othedpices
et e pairs in the sample leading to the 511keV “death” signal

¢ |nitial measurements used 2MeV Van de Graaf, howevgAl0
maximum beam current produced extremely limited evergsrat
(~0.2H2)

e Pelletron capable of 2Q@ and up to 8MeV, fabricated custom Al
beamline; first PALS experiments conducted May 2012

/
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Accelerator-based Experimental Setup \

e I;d:e’t

-5

-
e
Vi

| Léﬂ Sample (99.999% pure)
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/ 27Al(p,y)?8Si Photon Spectrum h
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f Pelletron-based PALS: Studies \

e Event rates for various sample-detector geometries — sasigg and
distance from Al endcap very important

e Event rates for various shielding configurations — needaclbline
of sight between two detectors, helped to block stop detéaim
line of sight to Al endcap, although in general shielding is
problematic for obvious reasons

e Event rates and energy spectra for different proton energfeund

beyond 2 - 2.5MeV, individual pmt event rates/system deaglti
saturated

Dustin McNulty, Idaho State University Department of Pbgsi http://www.physics.isu.eduhcnudust

that beam energy needs to be 10-20% above 0.992MeV resgnande
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\_

Shielding-Sample-Detector Configurations

MPANT File 200 417 170007

MPANT File 300 X071 7-{H16
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f Pelletron-based PALS: Issues \

e Given the current spectrometer design, the PALS coincelernent
rates are only 2 - 5Hz at best depending on beam current, sampl
thickness and shielding=- 60 hour data-runs to reach 1M events

e Experiment suffers from isotropic photon beam and smaitisoigle
acceptance of detectors in conjunction with coincidengkes
measurement

e Background events difficult to separate from sample events

e BaF, scintillator spectra from Pelletron not yet fully undeistethis
should provide better background rejection

e Detector signals often exceeded max specs for processntyaiics
— needed to operate pmts at much lower voltages than optimal

\_ /
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f Accelerator-based PALS: Ideas and Future Work \
e Use fluorine reaction instead of aluminum reaction — can gehds
more rate with higher photon energies — but still isotrojfne&m”

e A very high rep-rate or CW electron to bremsstrahlung beamlavo
be great; ideally ... energy tunable CW positron beam ...

e Increase numbers of detectors to improve solid angle cgeera

e Employ back-to-back 511keV (stop) detectors for greatlgnoved
background rejection

e Use two CFDD — currently we have only one CFDD and one CFD -
accepts more background

e Simulation work is ongoing to understand issues relatethiglding,
sample thickness limitations for 511keV photon escapetgrho

\ multiplicities from excited Si decays,... /
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/ Simulation Studies: MC-NPX Input Deck
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Simulation Studies: All y Survival
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Accelerator-based PALS: Conclusions \

R & D for AG-PALS (volume defect essay) is still in early stagpes
there are many technical hurdles to overcome

Obviously event rate is a big problem with the current measents;
If we reduce our measurement statistics requirements tk 200
events—could achieve in 12 hours with Pelletron

The PALS data is rich with information as compared with PAES b
technically much more challenging

Investment in both accelerator and spectrometer desiggedat for
viable AG-PALS and even more so for if one is to achieve “imaggi
measurements

There is currently one PhD candidate working on this andriiatiy

more in the queue /
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