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• PAS experiment

• lattice defects

• trapping model

• vacancies

• vacancy clusters

• dislocations
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Lattice defects in solids

• defect = any irregularity of crystalline lattice

• point defects (e.g. vacancies)

intrinsic point defects

extrinsic point defects
Frenkel pair



Lattice defects in solids

• line defects (e.g. dislocations)

edge dislocation

• defect = any irregularity of crystalline lattice

Burgers vector

edge dislocation

edge dislocation

screw dislocation

Burgers vector

screw dislocation

kink jog

kink jog



jogjog
jog

Lattice defects in solids

• line defects (e.g. dislocations)

• defect = any irregularity of crystalline lattice

• slip of a screw dislocation with a jogs
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Lattice defects in solids

• areal defects (e.g. grain boundaries)

• defect = any irregularity of crystalline lattice

grain boundaries open volume misfit defects at grain boundaries



Lattice defects in solids

• areal defects (e.g. grain boundaries)

• defect = any irregularity of crystalline lattice
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Lattice defects in solids

vakance v bcc mříži

• defect = any irregularity of crystalline lattice

• volume defects (e.g. precipitates)

precipitate

precipitates



PAS techniques for defect studies

• coincidence Doppler broadening (CDB)

• positron lifetime (LT) spectroscopy

- identification of type of defects

- determination of defect concentrations

- local chemical environment of defects

• variable energy positron annihilation spectroscopy (VEPAS)

- defect depth profile

- positron diffusion length



PAS techniques for defect studies

• digital spectrometers

- real time sampling of detector pulses and analysis by dedicated software

- analysis can be repeated to find optimum strategy for determination 
of measured quantity

- perfect control over shape of sampled waveforms  excellent clarity of spectrum



Geometry of positron lifetime spectrometer
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Digital positron lifetime spectrometer
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F. Bečvář et al., Nucl. Instr. Meth. A 539, 372 (2005)



• waveform - single digitized detector pulse (300 points, 75 ns)

• normalized waveforms

detector 1 detector 2

Digital positron lifetime spectrometer

300 waveforms 300 waveforms

F. Bečvář et al., Nucl. Instr. Meth. A 539, 372 (2005)



2.5x106

3.0x106

511 keV

detector 1
FWHM 130 keV (25 %)

detector 2

• g-ray energy spectrum obtained by integration of waveforms

Digital positron lifetime spectrometer
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detector 1 
START signal

• integral constant fraction timing iCF

Digital positron lifetime spectrometer

2500 waveforms

F. Bečvář , Nucl. Instr. Meth. B 261, 871 (2007)



detector 1 
START signal

• iCF fraction: 7 %

• determination of tCF:
parabolic interpolation

Digital positron lifetime spectrometer

• integral constant fraction timing iCF

iCF point 2500 waveforms

F. Bečvář , Nucl. Instr. Meth. B 261, 871 (2007)



detector 1 
START signal

• iCF fraction: 7 %

• determination of tCF:
parabolic interpolation

Digital positron lifetime spectrometer

• integral constant fraction timing iCF

iCF point

FWHM < 5 ps

F. Bečvář , Nucl. Instr. Meth. B 261, 871 (2007)



detector 1 
START signal

• shape of pulses controlled by digital filters – majorizing and minorizing function

• iCF fraction: 7 %

• determination of tCF:
parabolic interpolation

Digital positron lifetime spectrometer

• integral constant fraction timing iCF

iCF point

filters

2500 waveforms

F. Bečvář , Nucl. Instr. Meth. B 261, 871 (2007)
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START-STOP mode
106

START-STOP mode

• standard source (1.2 MBq), a-Fe reference specimen

• statistics: 8  106

Digital positron lifetime spectrometer
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• standard source (1.2 MBq), a-Fe reference specimen

• statistics: 8  106

Digital positron lifetime spectrometer
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• standard source (1.2 MBq), a-Fe reference specimen

• statistics: 8  106

• a-Fe: t = (107.0  0.3) ps

Digital positron lifetime spectrometer
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• statistics: 8  106

• standard source (1.2 MBq), a-Fe reference specimen

• a-Fe: t = (107.0  0.3) ps

• time resolution: 

Digital positron lifetime spectrometer
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• time resolution: 
143 ps (FWHM)

• resolution function: 
two Gaussians



• standard source (1.2 MBq), a-Fe reference specimen

• START-STOP mode

• count rate: 940 s-1

- waveforms outside energy windows: 156  106 (77.9 %)

- waveforms rejected by digital filters:  34  106 (17.1 %)

• accumulated coincidences: 200  106 (2.5 day)

Digital positron lifetime spectrometer

- waveforms rejected by digital filters:  34  106 (17.1 %)

- waveforms rejected due to too noisy baseline:  1.6  106 (0.8 %)

accepted waveforms:  8.4  106 (4.2 %)

(effective coincidence count rate: 40 s-1)



• standard source (1.2 MBq), a-Fe reference specimen
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F. Bečvář , Nucl. Instr. Meth. B 261, 871 (2007)



Digital positron lifetime spectrometer
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measurement of well defined reference sample

• what is necessary to know for meaningful fitting of LT spectra

LT spectroscopy

• time calibration

• source contribution

• resolution function

F. Bečvář et al., Mater. Sci. Forum 363-365, 695 (2001)



• positron source (1-3) ml 22NaCl (1-2 MBq)

Source contribution

- 22NaCl deposited on 2 mm mylar foil: ts1 = 368(2) ps, ts2, o-Ps = 1.5(3) ns, 

ts2, p-Ps = 125 ps, 

- 22NaCl deposited on 7.6 mm kapton foil: ts1 = 403(1) ps

e+ annihilation

- 22NaCl deposited on 5 mm Ti foil: ts1 = 380(5) ps, ts2 = 174(4) ps

Ps annihilation

F. Bečvář et al., 
Nucl. Instr. Meth. A 443, 557 (2000)



Source contribution

• intensity of source contribution
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Source contribution

• intensity of source contribution
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Source contribution

• positron reflection on the interface between materials with various Z

• positron reflectance increases with Z

• This makes intensity of the source contribution increasing with Z of the sample

samplesample fo
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e+ backscattering at the interface 
between foil and the sample



Source contribution

• positron reflection on the interface between materials with various Z

• positron reflectance increases with Z

• This makes intensity of the source contribution increasing with Z of the sample

 • Intensity of the source contribution:



Source contribution

• positron reflection on the interface between materials with various Z

• positron reflectance increases with Z

• This makes intensity of the source contribution increasing with Z of the sample

 • Intensity of the source contribution:
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Source contribution

• positron reflection on the interface between materials with various Z

• positron reflectance increases with Z

• This makes intensity of the source contribution increasing with Z of the sample

 • Intensity of the source contribution:

a = 0.70(1)
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• single component fit
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• 100Cr6 roll bearing steel
• single component fit

t1 = 155.7(1) ps

Fitting of LT spectrum

• 2 test

• 2 per degree of freedom: 2 / 
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• single component fit

t1 = 155.7(1) ps

Fitting of LT spectrum

• residuals

• r has normal distribution
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• 100Cr6 roll bearing steel

Fitting of LT spectrum
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• two-component fit
t1 = 20(5) ps, I1 = 19(6)%, 
t2 = 156(3) ps, I2 = 81(5)%

• residuals

• r has normal distribution
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• fitting of LT spectrum

LT spectroscopy

• lifetimes ti and intensities Ii of exponential components 

• (comparison with ab-initio theoretical calculations) identification of defects• (comparison with ab-initio theoretical calculations) identification of defects

• application of positron trapping model determination of defect concentrations



Simple trapping model (STM)

t1v = 222 ps

annihilation

tB = 126 ps
anihilation rate lB = 1/tBfree positron nf (t)

thermalizationE

binding  
energy
~ 1 eV

trapping rate K1V 1v1v1v cK = at.s105.1 -114
1v =

Nb vacancy:

Nb with vacancies

t1v = 222 ps
annihilation rate l1v = 1/t1vtrapped positron n1v(t)

assumptions:

1. single type of defects

2. uniform distribution of defects

3. only thermalized e+ are trapped

4. no detrapping
R.N. West Adv. Phys. 22, 263 (1973)



Simple trapping model (STM)

t1v = 222 ps

annihilation

tB = 125 ps
anihilation rate lB = 1/tBfree positron nf (t)

thermalizationE

binding  
energy
~ 1 eV

trapping rate K1V 1v1v1v cK = at.s105.1 -114
1v =

Nb vacancy:

Nb with vacancies

t1v = 222 ps
annihilation rate l1v = 1/t1vtrapped positron n1v(t)

ffB
f nKn

dt

dn
1v--= l

fnKn
dt

dn
1v1v1v

1v -= l

  001v ==tn   10 ==tn f

….. probability that e+ is 
in the free state at time t

….. probability that e+ is 
in trapped state at time t

R.N. West Adv. Phys. 22, 263 (1973)

nf (t)

n1v(t)



Simple trapping model (STM)

t1v = 222 ps

annihilation

tB = 126 ps
anihilation rate lB = 1/tBfree positron nf (t)

thermalizationE

binding  
energy
~ 1 eV

trapping rate K1V 1v1v1v cK = at.s105.1 -114
1v =

Nb vacancy:

Nb with vacancies

t1v = 222 ps
annihilation rate l1v = 1/t1vtrapped positron n1v(t)
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Simple trapping model (STM)

t1v = 222 ps

annihilation

tB = 126 ps
anihilation rate lB = 1/tBfree positron nf (t)

thermalizationE

binding  
energy
~ 1 eV

trapping rate K1V 1v1v1v cK = at.s105.1 -114
1v =

Nb vacancy:

Nb with vacancies

t1v = 222 ps
annihilation rate l1v = 1/t1vtrapped positron n1v(t)

trapping rate:

concentration of vacancies:



Simple trapping model (STM)

Nb with vacancies

• check whether STM assumptions are fulfilled 
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• for example: electron irradiated Nb

t1 = 78(3) ps, I1 = 46(2) %

t2 = 217(5) ps, I2 = 64(2) %
tf = (I1/t1+I2/t2)-1 = 124(4) ps

• defect-free Nb reference: tB = 125(1) ps

vacancy concentration: c1V = 32(5) ppm



• fitting of LT spectrum

LT spectroscopy

• lifetimes ti and intensities Ii of exponential components 

• (comparison with ab-initio theoretical calculations) identification of defects

fitting parameters: tB = 1/lB, t1v = 1/l1v, K1v

fitting LT spectrum directly by the trapping model

• (comparison with ab-initio theoretical calculations)

• application of positron trapping model

identification of defects

determination of defect concentrations
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t vacancies

Fe-Al alloys

• two component LT spectrum: 
t1 – free positrons
t2 – positrons trapped at quenched-in vacancies
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• quenched from 1000oC
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J. Čížek et al., Phys.  B 407 , 2659 (2012)
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Positron back-diffusion measurement

Fe-Al alloys quenched from 1000oC – dependence of S parameter on e+ energy
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Positron back-diffusion measurement

Fe-Al alloys quenched from 1000oC – dependence of S parameter on e+ energy
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Positron back-diffusion measurement

Fe-Al alloys quenched from 1000oC – dependence of S parameter on e+ energy
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Positron back-diffusion measurement

Fe-Al alloys quenched from 1000oC – dependence of S parameter on e+ energy
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Positron back-diffusion measurement

Fe-Al alloys quenched from 1000oC – dependence of S parameter on e+ energy
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Fe

• solid lines – model curves calculated by VEPFIT

• two layered model: (i) surface oxide layer 15-20 nm (ii) bulk Fe-Al alloy

Positron back-diffusion measurement

Fe-Al alloys quenched from 1000oC – dependence of S parameter on e+ energy

E (keV)

0 10 20 30 40

S
 / 

S
0

0.96

0.98

1.00

1.02

1.04
Fe60Al40

Fe55Al45

Fe51Al49

J. Čížek et al., Phys.  B 407 , 2659 (2012)



Positron back-diffusion measurement

• positron diffusion length L+

• presence of defects  shortening of L+
t1 – lifetime of the free

positron component
(t1 < tB)

• perfect lattice:
D+ - positron diffusion coefficient

tB – bulk positron lifetime
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/S
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1.00
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well annealed bulk Pd
cold rolled bulk Pd



• positron diffusion length L+

Positron back-diffusion measurement

• simple trapping model:

• presence of defects  shortening of L+
t1 – lifetime of the free

positron component

• perfect lattice:
D+ - positron diffusion coefficient

tB – bulk positron lifetime

• simple trapping model:

• positron trapping rate to defects:

• net concentration of defects:



• It is hard to resolve free positron component when I1 < 5% (saturated trapping)

• in FeAl alloys it corresponds c > 2  10-4 = 200 ppm

• positron lifetime measurement

Positron back-diffusion measurement

• It is hard to determine positron diffusion length when L+ < 1 nm

• positron back-diffusion measurement

• in FeAl alloys it corresponds c > 1  10-3 = 10 at.% = 105 ppm

• positron back-diffusion measurement can be used for determination of defect 
concentration when LT spectroscopy cannot be used because of saturated trapping 



Fe-Al alloys quenched from 1000oC

• LT spectroscopy and VEPAS gave mutually consistent results

• Fe75Al25 alloy:   LT spectroscopy: cV = (7.0 ± 0.5)  10-5

VEPAS (e+ back-diffusion): cV = (5 ± 1)  10-5

10-1

100

LT spectroscopy
VEPAS (e+ back-diffusion)

Concentration of quenched-in vacancies

cAl (at.%)
15 20 25 30 35 40 45 50 55

c V

10-6

10-5

10-4

10-3

10-2

10 VEPAS (e+ back-diffusion)

J. Čížek et al., Phys.  B 407 , 2659 (2012)



10-1

100

T. Haraguchi 2001, LT spectroscopy
R. Würschum 1995, in-situ LT spectroscopy
Y.A. Chang 1993, microhardness + theoretical modeling
J. Joardar 2005, dilatometry + XRD
D. Paris 1977, dilatometry + XRD
K. Ho 1978, dilatometry + XRD

LT spectroscopy
VEPAS

Concentration of quenched-in vacancies

Fe-Al alloys quenched from 1000oC

cAl (at.%)
15 20 25 30 35 40 45 50 55

10-6

10-5

10-4

10-3

10-2

10

c V

VEPAS

J. Čížek et al., Phys.  B 407 , 2659 (2012)



Vacancies

• calculated specific e+

trapping rates for vacancies

Fermi golden rule



Vacancies

• calculated specific positron trapping rates: comparison with experiment









-








=

kT

H

k

S
c ff

V expexp - vacancy formation entropy Sf = (2-3) k

fH - vacancy formation enthalpy

fS

- Boltzmann constantk

• Thermal vacancies



Vacancies

• calculated specific positron trapping rates: comparison with experiment

• simultaneous measurement of length change Dl / l (differential dilatometry)
and change of the lattice parameter Da / a (X-ray diffraction)



Vacancies

• calculated specific positron trapping rates: comparison with experiment

• specific trapping rate for vacancies in metals: V = 1014-1015 at.s-1



vacancy clusters

• vacancy clusters
lif

e
tim

e
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• ab-inito calculations of positron lifetimes
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lifetime

number of vacancies 
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J. Čížek et al., J. Phys, Conf. Ser. 443 , 012008 (2013)

average size 
of vacancy clusters



• small clusters (N  10):    N ~ N

R. M. Nieminen, J. Laakkonen, Appl. Phys.20, 181 (1979)
10

• larger clusters (N > 10):    N gradually saturates

 bNea -- 1/

vacancy clusters

• specific positron trapping rates for vacancy clusters

N 
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/ 

 1

0

2

4

6

8  bN
N ea -- 1/ 1

4.9=a
13.0=b



Dislocations

• dislocation line is a shallow positron trap

• weak positron localization at dislocation  diffusion along dislocation line

• final trapping at vacancy bound to dislocation or open volume at jog

edge dislocation screw dislocation



annihilationE

tl = 1/t

Positron trapping at dislocations

• two-step positron trapping at dislocation

(values are for edge 
dislocation in Fe)

positron
binding 
energy

Kv << Kdl (vacancy is a point defect but dislocation is a line defect)

ddl << Kdv (there is always enough vacancies attached to dislocation)

Edl ~ 0.1 eV
tB = 108 ps

lB = 1/tBfree positron

Kv

tdv = 165 psldv = 1/tdvvacancy bound
to dislocation

Kdv

Kdl
ddldislocation line tdl = 108 ps

ldl = 1/tdl

Edv ~ 1 eV

L.C. Smedskjaer et al., J. Phys. F 10, 2237, (1980)



annihilation

tl = 1/t

E

Kv << Kdl

ddl << Kdv

Positron trapping at dislocations

• two-state positron trapping at dislocation

(values are for edge 
dislocation in Fe)

positron
binding 
energy

(vacancy is a point defect but dislocation is a line defect)

(there is always enough vacancies attached to dislocation)

tB = 108 ps
lB = 1/tB

Edl ~ 0.1 eV

tdv = 165 psldv = 1/tdv

free positron

Kv

vacancy bound
to dislocation

dislocation line tdl = 108 ps

Kdv

Kdl
ddlldl = 1/tdl

Edv ~ 1 eV

specific positron trapping rate:  = 10-5 – 10-4 m2 s-1

dislocation density: r = 1012 – 1015 m-2



Positron trapping at dislocations in Fe (or steels)

• open volumes attached to edge dislocations are larger

• screw and edge dislocations can be distinguished

edge dislocation
tedge = 165 ps

Y.K. Park et al. , PRB 34, 823  (1986)

screw dislocation
t = 142 pstscrew = 142 ps



Positron trapping at dislocations – distribution of dislocations

• uniform distribution of dislocations  simple trapping model
(hcp metals, metals with low SFE)  








-=

DBI

I

tt
r 111

1

2

• dislocation cell structure  diffusion trapping model
(cubic metals with medium and high SFE)  

specific positron trapping 
rate to dislocations

HPT-deformed Mg-10wt.%Gd alloy HPT-deformed IF steel



Positron trapping at dislocations – dislocation cell structure

• dislocation cell structure

• dislocation-free cell interiors

• distorted regions with high density 
of dislocations (dislocation walls)

R2

J. Čížek et al. Phys. Rev. B 65, 094106 (2002)



Positron trapping at dislocations – dislocation cell structure

• dislocation cell structure

• dislocation-free cell interiors

• distorted regions with high density 
of dislocations (dislocation walls)

d

J. Čížek et al. Phys. Rev. B 65, 094106 (2002)



• dislocation-free spherical with radius R

• surrounded by dislocation walls with thickness d 
R

d

1. e+ stopped in dislocation walls

thermalization

Diffusion trapping model (DTM)

trapping at dislocations

g
g

A. Dupasquier et al. PRB 48, 9235 (1993)

J. Čížek et al. PRB 65, 094106 (2002)



R

d

• dislocation-free spherical with radius R

• surrounded by dislocation walls with thickness d 

1. e+ stopped in dislocation walls

thermalization

Diffusion trapping model (DTM)

trapping at dislocations

2. e+ stopped inside cells

A. Dupasquier et al. PRB 48, 9235 (1993)

J. Čížek et al. PRB 65, 094106 (2002)



R

d
g

g

annihilation in

• dislocation-free spherical with radius R

• surrounded by dislocation walls with thickness d 

1. e+ stopped in dislocation walls

thermalization

Diffusion trapping model (DTM)

trapping at dislocations

2. e+ stopped inside cells

annihilation in
delocalized
state

A. Dupasquier et al. PRB 48, 9235 (1993)

J. Čížek et al. PRB 65, 094106 (2002)
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diffusion to dislocation walls
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• dislocation-free spherical with radius R

• surrounded by dislocation walls with thickness d 

1. e+ stopped in dislocation walls

thermalization

Diffusion trapping model (DTM)

trapping at dislocations
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A. Dupasquier et al. PRB 48, 9235 (1993)

J. Čížek et al. PRB 65, 094106 (2002)
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• positron lifetime spectrum

– lifetime of positrons trapped at dislocationsdt

• dislocation-free spherical with radius R

• surrounded by dislocation walls with thickness d 

Diffusion trapping model (DTM)
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Diffusion trapping model (DTM)

• direct fitting of positron lifetime spectra by DTM

• from fitting we obtain the following structural parameters:

• size of cells 2R

• mean dislocation density r

• volume fraction of 
distorted regions 
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HPT-deformed IF steel• lifetime of positrons trapped
at dislocations td

• fraction of screw 
dislocations fscrew



Diffusion trapping model (DTM)

• direct fitting of positron lifetime spectra by DTM

• width of distorted regions d = 10 nm

HPT-deformed IF steel• fixed parameters

• bulk positron lifetime for Fe

• specific positron trapping rate
to dislocations  = 0.36  10-4 m2s-1

J. Čížek et al., Phys. Stat. Sol. A 178, 651 (2000)

• bulk positron lifetime for Fe
tB = 108 ps

• positron diffusion coefficient for Fe
D+ = 1.87 cm2 s-1

F. Lukáč et al., J. Phys. Conf. Ser. 443, 012025 (2013)

F. Bečvář et al., Appl. Surf. Sci. 255, 111 (2008)



HPT-deformed steel 

PAS

 good agreement of PAS and (XLPA = X-ray line profile analysis)

 dislocation density increases with deformation and saturates at strain e  3

 edge character of dislocations prevails

Diffusion trapping model (DTM)

PAS

XLPA
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J. Čížek et al. Acta Mater. 107, 83 (2016)



HPT-deformed steel 

PAS

 good agreement of PAS and (XLPA = X-ray line profile analysis)

 dislocation density increases with deformation and saturates at strain e  3

Diffusion trapping model (DTM)

 edge character of dislocations prevails

 cell size saturates at e > 10
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J. Čížek et al. Acta Mater. 107, 83 (2016)
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Dislocations – determination of dislocation density

dislocation density (m-2)

1011 1012 1013 1014 1015 1016

TEM

PAS

XLPA

etch pitting

dislocation density: total length of dislocation lines per unit volume = Vldisl /r




