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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
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Introduction

This document describes a method for measuring and reporting the lifetime of ortho-positronium utilizing
the positron annihilation lifetime technique. Some of the positrons introduced into insulating materials, like
oxides and organic polymers, can form the spin parallel positron-electron bound state ortho-positronium,
which tends to localize in voids. In its trapped state, ortho-positronium annihilates with a lifetime that is
less than its intrinsic lifetime of 142 ns in vacuum via a two-gamma annihilation process, where this lifetime
component is well correlated with the void dimension. Based on this principle, one can evaluate the average
porosity originating from nanometer size voids, such as free volumes in polymers. It is well documented that
the positron annihilation lifetime technique is a powerful tool for characterizing the nanopores of various
functional materials. Increased demands on the reliable evaluation of nanopores using this technique have
emerged|for various industrial applications.

This document describes a method for performing positron annihilation lifetime measurements t¢ analyse
the lifetime of the ortho-positronium ranging from 1 ns to 10 ns (ascribed to a pore size from'apprgximately
0,3 nm tp 1,3 nm in diameter), observed for polymeric materials. It also contains measurement prqcedures,
data andllysis, and reporting sections. In the annexes, the results of an interlaboratory comparigon using
two typ1s of reference materials conducted by eight participating institutions, are idescribed, followed by
details of measurement systems that are based on the available analogue and digital methods, ang a list of
parametprs and measurement conditions provided as a guide to the user.

© IS0 2024 - All rights reserved
\%


https://standardsiso.com/api/?name=9c1e0c91fd104240e0aa8700dfd42322



https://standardsiso.com/api/?name=9c1e0c91fd104240e0aa8700dfd42322

Technical Specification

ISO/TS 23878:2024(en)

Nanotechnologies — Positron annihilation lifetime
measurement for nanopore evaluation in materials

1 Scope
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source that decays with $* emission. The 3* (positron) lifetime is determined from a meag
etime of the ortho-positronium which ranges from 1 ns to 10 ns (ascribed to a_pore€ s
hately 0,3 nm to 1,3 nm in diameter), as observed for polymeric materials in which the pos
bstly annihilate via a two-gamma annihilation process.

liment is not applicable to thin surface layers (that are less than several mictiometers).
iment does not apply to measuring:

psitronium forming materials;

onium-forming materials that induce a spin conversion reactioh;

'onium-forming materials that contain chemicals influeneing the annihilation process
um by chemical reactions;

onium-forming materials that contain mesoporous silica gels with a large contribution
Imma annihilation process.

2 Normative references
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3 Ter
For the p
[SO and |
— ISO

— IECI

3.1 G¢€

E no normative references in this document.

ms and definitions
urposes of this documert,the following terms and definitions apply.
EC maintain terminolegy databases for use in standardization at the following addresses:

Dnline browsing\platform: available at https://www.iso.org/obp

lectropediaravailable at https://www.electropedia.org

neral

3.11

ga?22Na
urement
ize from
itronium
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positronium

bound st

3.1.2

ate of a positron and an electron

positron lifetime
component lifetime corresponding to the annihilation of a large number of positrons or positroniums, and
extracted from a measured lifetime spectrum

© IS0 2024 - All rights reserved
1


https://www.iso.org/obp
https://www.electropedia.org
https://standardsiso.com/api/?name=9c1e0c91fd104240e0aa8700dfd42322

ISO/TS 23878:2024(en)

3.2 Experimental set-up

3.21

scintillator
material that luminesces when excited by radiation, wherein the luminescent energy is related to the energy
deposited by the injected radiation

3.2.2

photomultiplier tube
vacuum phototube that converts incident light to an electronic signal, the magnitude of which is based on the
energy and number of the incident photons, and subsequently amplifies that signal to provide an electrical output

3.2.3

counting rate

measured number of events per unit time where an event is the coincident detection of the phofons g

during the production and annihilation of positrons

3.2.4

positron source
emitter ¢f positrons due to nuclear transmutation via 3* decay

Note 1 tojentry: Sodium-22 (22Na) transmuting to 22Ne is a positron source, for example.

3.2.5
amplifigr

module that increases the amplitude of a signal

3.2.6

gate and delay generator

module that generates a logic pulse of a desired duration.(gate width) and with the desired delay r

a refererice event

4 Symbols and abbreviated terms

ADC
CFDD
CRM
DCFD
GDG

|

LLD
MCA

analogue-to-digital converter

constant fraction differential discriminator
certified reference material

differential constant fraction discriminator
gate and delayygenerator

relativentensity of lifetime component
lowerlevel discriminator

multichannel analvzer

enerated

blative to

NIM
PMT
Ps
RI
TAC

nuclear instrument modules
photomultiplier tube
positronium

radioisotope

time-to-amplitude converter

© IS0 2024 - All rights reserved
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upper level discriminator
ortho-positronium (triplet state)

para-positronium (singlet state)

positron or positronium component lifetime extracted from the measured lifetime spectrum

sodium with an atomic mass number of 22

neon with an atomic mass number of 22

ciple

of the total number of positrons injected into an insulating polymer, such asolyolefins,
um (Ps), the bound state of a positron and an electron. Ps forms either in:

nglet state, i.e. with antiparallel spins (called p-Ps);
he triplet state with parallel spins (called o-Ps);

rons that do not form Ps will annihilate with the surrounding electrons with a mean li
undred ps. The annihilation of p-Ps and o0-Ps in vacuum haye.intrinsic lifetimes of 125 ps an
rely.

that is trapped in a pore will annihilate via the pick-off process with an electron at
d will have its lifetime shortened from the intringic lifetime of 142 ns. The annihilation
ecreases as the pore volume decreases, accordingly. An o-Ps lifetime of between 1 ns a
hted with the size of the pores. Based on thistprinciple, the pore sizes can be estimated
d lifetime of 0-Ps.

pbcument, radioactive 22Na with a B* decay is used for the positron source. The 22Na nug
ositron transmutes to 22Ne* withinca'short time, which subsequently relaxes by emitting
bn with an energy of 1,275 MeV (see Figure 1).

ZZNa

/ (2,602 y)
1,275 Mevy \_ B*:89%

| G7ps) EC: 11 %

Y 0

ZZNe

Figure 1 — Decay process of 22Na

can form

fetime of
d 142 ns,

the pore
lifetime
nd 10 ns
from the

leus that
h gamma

The lifetime of a single positron annihilated in a target specimen, placed in close proximity to the 22Na
positron source, is determined by measuring the time difference between the detection of the 1,275 MeV
gamma ray photon and the 511 keV annihilation gamma ray photon in the specimen. The 1,275 MeV gamma
ray photon is emitted almost simultaneously with the + decay. A lifetime histogram (also known as
a positron annihilation lifetime spectrum) is obtained by accumulating the time differences over a large
number of annihilation events, so that the mean lifetime of o-Ps annihilated in the sub-nanometer and
nanometer-sized pores can be determined subsequently by data analysis.

The mean lifetime (t = 1/A, where A is the annihilation rate) and the respective fraction (relative intensity I)
of each process can be determined by using a model function in the analysis and assuming a proper number

of decay

functions ascribed to the number of expected positron and Ps annihilation processes.

© IS0 2024 - All rights reserved
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The number of surviving (unannihilated) positrons in the specimen at a laboratory time frame ¢t = 0, is given by:

N(t):Nozjzllj exp[—%] (1

J

where N is the initial number of the positrons, and ] is the number of the annihilation components. Thus,
the time dependence of the observed annihilation events, that is the positron annihilation lifetime spectrum
[C(?t)], is proportional to the rate of reduction of the positron number at a given time. It can be expressed as:

I.
C(t)=2j:1éexp(—ﬂ 2)

J

The o-P§ lifetime is obtained as the long-lived component (with a lifetime greater than 1 \n$) in the
experimental distribution (see Clause 10).
6 Overview of the positron annihilation lifetime measurement

A simplified schematic overview of a typical positron annihilation lifetime measurement system is shown in
Figure 2

Start signal
Discriminator
Timingpulse
. for the start signal
Scintillat Meadsuring Accumulating
/@ cintifiators time difference time difference

Sample

‘ Timing pulse
for the stop signal

Discriminator [~

Stop signal

Figure 2 —Schematic overview of a positron lifetime measurement system

the annihilationof a'positron, are generated by a set of gamma-ray photon detectors. Each detector] consists
of a scinftillater~and a photomultiplier tube (PMT) that are placed on either side of the sample.|Refer to
Clause BJ1 for, guidance on detector placement. The detected signals are analysed to measure the time delay
for each positron production and annihilation event. Im

Start anl stop signals; corresponding to the detection of the gamma ray photons from the produg¢tion and

The signals output from the PMT have amplitudes that range between a few mV to V, and are proportional
to the energy of each gamma-ray photon (see Figure 3) and the scintillation and detection efficiency of that
photon. The start and stop signals shall be selected by discrimination, that is, by processing only those
signals with pulse amplitudes greater than the lower level discriminator (LLD) but less than the upper level
discriminator (ULD), where the LLD and ULD are set differently for the start and stop signals.

The LLD and ULD assigned for each detector shall be set so that noise signals, as well as mismatch signals,
are excluded from acquisition (see Figure 4). The timing pulses, which act as timing surrogates for the
gamma-ray photons, can be produced by processing the PMT output signals according to several methods,
such as a constant fraction discrimination (see Clause B.2). These timing surrogates are often necessary
because:

© IS0 2024 - All rights reserved
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— the amplitude of the signals from the PMTs is variable;
— stable timing fiducials are needed for subsequent computation of time delays.

The time delay, At, between the timing pulses from the start and stop signals is measured by a time-to-
amplitude converter (TAC) module in the analogue method (see Clause B.2) or by direct processing of
the digitized waveforms of the detected signals in the digital method (see Clause B.3). Consequently, by
accumulating the set of At, one for each positron production and annihilation event, a lifetime histogram
of the annihilated positrons is obtained (see Figure 5). The horizontal scale of the measurement system,
generally the bin width of the lifetime histogram, shall be calibrated to the unit of second.

Y105:|||||||||||||||||||:
~ 7 -
10 €
10°E =
S L1
0 200
X
Key
X dhannel
Y dounts/channel
1 Heak originating from the detection of 511 keWVyannihilation gamma ray photon
2 Heak originating from the detection of 1,275 MeV gamma ray photon
NOTE 1 | Figure 3 shows the typical amplitude distribution of the detected signals from a PMT with BaF, sdintillator.
NOTE 2 | The values of the horizontalaxis refer directly to the amplitude of the signals from the PMT and |ndirectly
to the endrgy of those gamma ray photons.
Figure 3= Typical amplitude distribution with BaF, scintillator

© IS0 2024 - All rights reserved
5


https://standardsiso.com/api/?name=9c1e0c91fd104240e0aa8700dfd42322

ISO/TS 23878:2024(en)

1 Y ~

A/ \

—_—

—>

{
¢

\
f

N
<
~)_m_

QX
Ve

?

3

)

/

&S

1

/}

//

Key

X amplitude

Y  counfts/amplitude
1  for the start signals
2 for the stop signals
a  LLD.

b ULD.

NOTE Figure 4 shows the typical setting of the ULD and the LLD for the threshold voltage of the DCFD.

Figure 4 — Typical setting of the ULD and the LLD
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NOTE The values of the horizontal axis correspond to the.tie-bins.

Figure 5 — Typical lifetime histogram of positron annihilations

7 Apparatus

7.1 Splecification of the detector

The scintillation detector comprisés a scintillator and a photon detector such as a PMT. A transpareit crystal
or plastif containing aromatic. compounds, which has a fast response as well as a short luminescenice decay,
is typically used as the scintillating material. The time resolution of the measurement system, conveptionally
given by fthe full width athalf maximum of the prompt coincidence peak of the lifetime spectrum, is improved
by reduding the volume-6f the scintillator, but with a loss of detection efficiency. Typically, the scintillator is
in the fofm of a cylinder or frustum with a diameter and thickness from 1 cm to 3 cm and may bge used in
combinafion with'a'suitable reflector. Table 1 lists examples of available scintillators.

Table 1 — Examples of scintillators

Material Max. luminescence Rise time Decay time Note
wavelength
BaF, 220 nm — 0,8 ns -
Plastic [EJ-228 and BC-4183)] 391 nm 0,5 ns 1,3 ns Base: Polyvinyl toluene

a)  EJ-228 and BC-418 are examples of suitable products available commercially. This information is given for the convenience of
users of this document and does not constitute an endorsement by ISO of these products. See References [1] and [2].

The PMT should have an output gain great enough to attain signals with appropriate amplitudes for
processing. The impulse response of the PMT should be of as short a duration as possible (typically, with a
transition duration of less than 1 ns). The window material of the PMT shall be selected in order to minimize
the absorption of the luminescentlight from the scintillator. In the case of BaF,, which emits luminescentlight

© IS0 2024 - All rights reserved
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in the UV range, fused silica is useful as the window material of the PMT. The diameter of the PMT window
(typically 25 mm to 50 mm) should be the correct size to enable optical coupling with the scintillator. This
coupling can be improved by using an appropriate optical coupling agent, such as silicone oil, grease, etc.

7.2 Discrimination of the detected signals

Typical pulse amplitude distributions using BaF, for the scintillators are shown in Figure 3. The peaks in
the signal amplitude distribution shown in Figure 3 corresponding to the 1,275 MeV and 511 keV gamma ray
photons exhibit a broad distribution, which is due to the poor time and energy resolution of the detectors.
Generally, fluctuations in the amplitude of the detected signals lead to the lower time resolution of the
measurement system, as the difference between the LLD and ULD is increased.

When a plastic scintillator is used for the detector, no clear photoelectric peak is observed in thle energy
distribuflion as shown in Figure 6. In this case, to determine the respective LLD and ULD for-the $tart and
stop signals, energy levels for the Compton edges can be used.
Y ET T T T 1 T T T T [ T T T T [ T T T T4
1002 ,_|@ 1 -
E ~ =
S N @ 2 =
— \ -
1 k [
105 g ) \.\-.N-_-—‘-’_-—."_/-—"-\. E
— N =
— \, -
104" \, -
= \ =
= N =
— N\, —
N\,
100, . E
= . 5
— | "",. —
10° (=
= -
o \
e T YV T Y O
0 50 100 150 200
X
Key
X dhannel
Y dounts/channel
1 Heak originating from the.detection of 511 keV annihilation gamma ray photon
2 Heak originating from(thé detection of 1,275 MeV gamma ray photon
NOTE 1 | Figure 6 shows)the typical amplitude distribution of the detected signals from a PMT with|a plastic
scintillatgr.
NOTE 2 | The values of the horizontal axis refer directly to the amplitude of the signals from the PMT and |ndirectly
to the enqrgy ofthose gamma ray photons.

Figure 6 — Typical amplitudedistributiom with plasticscintittator

7.3 Measurement conditions

The time intervals (width per channel) in the lifetime histogram should be set in the range from 10 ps to
50 ps. The epoch (duration of observation period) for the histogram shall be adequately long so that the
background levels of the histogram are included. For instance, the epoch should be set to longer than 50 ns
for typical polymers such as polycarbonate. More than 10 coincidence events should be accumulated for
each measurement in order to obtain sufficient counting statistics and to avoid a count of zero in any time
interval. For that portion of the histogram corresponding to the background signal, it is preferable that the
average number of counts at each time interval is greater than 15 counts. For currently available analogue

© IS0 2024 - All rights reserved
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systems, the counting rate should be no more than 200 counts per second. For digital systems, the count
rate should not be so great as to introduce detector pile-up errors exceeding about 0,001 % of the total
number of production and annihilation events or to prevent the acquisition of one waveform per production
or annihilation event.

8 Preparation of the positron source

An appropriate amount of 22NaCl aqueous solution (approximately 3,7 MBq/100 uL) is placed using a dropper
on a several-um thick foil of corrosion-proof metal (such as titanium) or polymer, followed by drying and
sealing with a foil of the same material. Polyimide films are useful for this purpose because some of them
do not form Ps when exposed to positrons. It is preferable to keep the spot size of the droplet as small as
possible,[S0 as to act as a poiNt SOUrce, but also as thin as possible, to reduce anninilations within source.

The foils|are adhered together using a heat-sealing mechanism or by using a commercial adhe§ive t¢ prevent
the migrption of the 22NaCl salt from the foils or films. If adhesive is used for sealing, the adhesive[shall not
make coptact with the 22NaCl source. When a source with a long-lived component is uSed, an appropriate
correctign for this component shall be taken into account in the data analysis.

Generally, a positron source with an activity in the range from 0,1 MBq to 2{0HhMBq is used. Ihcreased
positron|emission rates can be achieved by using a source of higher activity, however, this also l¢ads to a
higher frjaction of background signals due to random coincidence of annihilating positrons.

9 Preparation of the measurement specimen

To avoid|contamination of the specimen with a broken radioisotope (RI) source, the specimen spirface in
contact yith the RI source shall be kept as smooth as possible."The specimen and the RI source shall be in
close corjtact with each other, so that as many positrons aspossible, emitted from the RI source, apnihilate
within the specimen.

The spedimen shall be of a sufficient size so that as many positrons as possible, emitted from the RI source
in the direction of 4m steradians, annihilate in the specimen. The depth range L [kg/m?] of the|injected
positronf with an incident energy E [MeV] from 0,15 MeV to 0,8 MeV is estimated based on:

L=4,07E138 (3)

Here, th¢ range of L is approximatély 0,3 kg/m? to 3,0 kg/m? for E in the corresponding range|of about
0,15 MeV < E < 0,8 MeV. Using this’ formula, the maximum penetration depth Z (mm) in a matefial with
density g (kg/cm3) for positrens.from 22Na with a maximum energy of 0,546 MeV is calculated as:
1,77x10°

p

Z= 4)

For inst3nce, the{specimen thickness for a polymer sheet with a density of 1,0 x 103 (kg/m3) should be
more than approximately 1,8 mm. Therefore, the method is not suitable for thin polymer films| Further
informatlion‘on the measurement of positron lifetimes in polymer materials can be found in, for example,
Referen(je [12].

10 Data analysis

The positron and Ps lifetime parameters, i.e. T and I of Formula (1), are determined by applying the model
function described in Clause 10 using the recorded positron annihilation lifetime data by the nonlinear
least-squares method. For some materials, a lifetime spectrum is obtained which can be best fitted with
three lifetime components, corresponding to:

— a p-Ps component;

— free positrons;

© IS0 2024 - All rights reserved
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— an 0-Ps component.

However, for other materials, a better fit may be obtained with two 0-Ps components with a lifetime greater
than 1 ns, in which case both components should be reported. The data recorded by the measurement
system, S(t), is obtained by the convolution of C(t) as in Formula (2) with the time resolution function of the
system R(t):

S(t)

=R(t)*C(t)

(5)

where "+" denotes a convolution operation. R(t) may be approximated by a linear combination of Gaussian
functions with one or more components (n = 1) based on the experimental set-up:

R(t

~—

where 1

pyil

The follo
S(t)

where t’

backgroyind, and the Heaviside step function, which is zero att% 0 and unity at t = 0.

In the an|

Typically
5% of t

2
n 1 (t —u j )
=Z :1W] exp _—2 )
g \ /2%0]2- 207
and o; represent the peak position and the standard deviation for the j-th component, Tespecti

wing function is then obtained from Formula (5) and Formula (6),

=Af°° R(t)C(t-t")O(t-t")dt’+B ,
is the delay used for the fitting. Here A4, B, and O(t) respectively represent the normalized f

alysis, the fitting range shall be determined using the following procedure:

, the fitting range starts from a few channéls before the peak (for instance, with counts
he peak counts) to a channel in the background range. It ends in a channel consisting d

backgro

based on prior knowledge of the instrument‘response function as appropriately determined by
on a maferial with known lifetimes. Incdluding a large portion of the instrument response functi
fitting pfocess is ideal but is not always feasible. The stop region for the fit should contain some bad
region t¢ ensure that the longer lifetimes are fitted correctly. Variations in longer lifetimes can

the bac

backgro
the spec
analyses|
more rel

11 Rep

nd annihilations occurring after the peak maximum. The start region for the fit is typical

round channels are not'chosen carefully. This can be easily verified by including and g
nd channels during fitting, as well as verifying that the lifetimes are robust. The time-zer
men is generally determined as part of the fitting process. In all cases, the parameters ut
shall be specified:\The source component should be taken into account in the data fittin
able results areattained. Several computing programs are available for the data fitting.

orting
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(7)

(8)
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ess than
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y chosen
the user
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kground
occur if
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The lifetime values of the 0-Ps component obtained from the fitting procedure are used to determine pore

size (see

11.2).
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11.2 Pore dimension

Pore sizes can be converted from the obtained value of the 0-Ps lifetime component based on semi-empirical
quantum mechanical models. One commonly used model is the Tao-Eldrup model (see References [5] and
[6]), where the conversion formula is:

-1
To_pszo,sx[1_L+ism _2nR } )
R+0,166 2m R+0,166

where 7, _p, is the 0-Ps lifetime (ns) and R is the pore radius (nm). Using this formula, for example, a 5 ns
measured o-Ps lifetime corresponds to a pore radius of approximately 0,47 nm.

While tHe Tao-Eldrup model provides a straightforward approach for estimating pore sizes, negearchers
should be aware of its limitations, such as assuming homogeneity and a single pore size for.the material.
Depending on the complexity and specific characteristics of the material, advanced modelling techniques
and consideration of other relevant alternative models (such as the extended Tao-Eldrup mddel) can
possibly|be necessary for a more comprehensive analysis of the nanopore properties)-Several alternative
models, widely used in nanotechnology and nanomaterials research, offer valuable,insights into |different
aspects ¢f nanopore behaviour.l13] However, for simplicity, in this protocol, only:thé standard Tap-Eldrup
model d¢scribed in 11.2 is considered for the determination of pore size from the.0-Ps component ljfetime.

12 Reference materials

SI traceable certified reference materials (CRMs), supplied from material producers and national njetrology
institutef (such as the National Metrology Institute of Japan) are Useful in order to ensure the validjity of the
procedure of the data recording and analysis. See References [Z];and [8].
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Annex A
(informative)

Interlaboratory comparison

To validate this specification, an interlaboratory comparison using two types of reference materials was
performed.

Specime
and Tech
2,0-mm-
measure
were exa
repeatah
specime]
the resu
within a

nology (AIST) as a certified reference material (NMI] CRM 5601al)), and commerciglly

ments at each laboratory, the longest-lived lifetime component (z,p.) for the BMMA s
mined at AIST. Repeated measurements and data analysis for PMMA revealed good meas
ility of the lifetime value within a relative standard uncertainty of 0,5 %. These unspecifig
1s were provided as a "blind polymer" to the participants with the specificdtion revealed
ts were disclosed. Separate specimens of each material were distributed to all the lab
specific interval. Measurements at the majority of the participating institutions were ca

from Octlober 22 2019 to February 10 2020, without access to the data of other laboratories.

Figure A
a) fused

b) PMMA

The datg
values of

— (1,638
— (1,92

These m|
silica of
measure

1 shows 7, p, for:
Silica;
reported from the participant laboratories.

are arranged in increasing order of the lifetimie reported by the various institutions. T
T,.ps including the standard uncertainties are;

+ 0,014) ns for fused silica;
B + 0,019) ns for PMMA.

ean values agree well with thelrespective reference values, that is, the certified value
1,62 + 0,05) ns and the mean value for 7, _p,
d at AIST.

s of 1,5-mm-thick fused silica, supplied by the National Institute of Advanced Industxial Science

qvailable

thick poly methyl methacrylate (PMMA) were used for this comparison study, Pri(lr to the

ecimens
urement
d PMMA
after all
pratories
rried out

he mean

for fused

of (1,941 £ 0,011) ns for a number of PMMA specimens

1) NMIJ CRM 5601a is an example of a suitable products available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of these products. See Reference

[7].
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).
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bpectively. The dashed-dotted lines represent the certified uncertainty for NMI] CRM 5601 and the

standard

Lneertainty (dnp tothe rpppnfnhi]ifv and the fifﬁng error of the nnnlvcic) for PMMA

ica (NMIJ

value for
combined

NOTE 3

The error bars for each laboratory represent the reported standard deviation for replicate measurements.

Figure A.1 — t__p for fused silica and PMMA

The relative standard uncertainties determined from the reported values for the repeated measurements at
individual laboratories were 0,85 % for fused silica and 1,0 % for PMMA. These results were considerably
smaller than those obtained for fused silica (1,6 %) and organic polymers (3,1 % to 4,2 %) reported in
Reference [9] and Reference [10], respectively. The improved lifetime uncertainties validate the applicability
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of the current measurement and analysis protocol in evaluating positron annihilation lifetime based on
ortho-positronium lifetime observed in nanoporous materials.
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Annex B
(informative)

Configuration of the apparatus

B.1 Alignment of the detectors

While the detectors need to be placed as close as possible to each other, in order to improve th
countingrate of the measurements, the following issues should be avoided:

a) Annthilation gamma ray photon detection from the same event on both PMTs.

b)

Twolannihilation gamma ray photons are emitted in opposite directions (i.e. at 180%) when the
annihilation occurs via the pick-off reaction with an electron in the material:” If both scil
are located along this line through the positron source, both of the emitted”annihilation ga
photons can be detected by each detector at the same time, possibly giving rise to a false sign

the
scinf

supql
is les

Fals¢ signals due to Compton scattering in the scintillators.

Somp

phot
of th
com
is us

easurements. The probability of detecting annihilation gammas in-both detectors depen
illator material and is more likely in BaF, than in plastic scintillators. However, this effe
ressed by moving one scintillator away from the above line so that the angle between the ¢
s than 180° [see Figure B.1 a)].

ons can cause false signals with very short lifetifnies, which eventually not only causes a 1
e relative intensity of the longest-lived Ps component, but also distorts the short-lived
bonents (see Reference [3]). Placing a shield-6Phigh-Z material, such as lead between the scil
eful to suppress this effect (see Figure B.1 b) and Reference [4]).

Fj______|__

e overall

positron
htillators
mma ray
hl during
s on the
Ct can be
letectors

of the gamma ray photons incident on the seintillator can be scattered. These gamma ray

eduction
positron
htillators

X
N

N
¢

N

a) Suppression of detection b) Suppression of false signals
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Key

1  source/specimen assembly
2 gamma ray shield

3 scattered gamma ray

NOTE1 Figure B.1 a) shows suppression of detection of the same annihilation event in both detectors by moving
one detector so that the angle between the detectors is less than 180°.

NOTE 2  Figure B.1 b) shows suppression of false signals due to Compton scattering in the detectors by placement of
a suitable shield material, such as lead.

I n_ Pad ' £ = £, e lifada '
rgulc b. 1 DTITLIUT LUIIITIg U dtivllo 1UT JUSIUI UL HITLIHIIT IHITAS Ul TIITIILS

B.2 Measurement system: Analogue method
The analpgue method consists of:

a) Set Up: Typical set up based on the analogue method for positron lifetime{measurements is shown in
Figu[j

e B.2.
Start signal
DCFD B
(Discriminator) Timing pulse
for the start signal
TAC PC
Scintillators + (Accumulating
e MCA time difference)

‘ Delay

Timing pulse

DCFD for the stop signal
(Discriminator) [~

Stop signal

Figure B.2 —+Schematic of positron lifetime measurement system with analogue methpd

A seft of DEFD, with proper LLD and ULD settings for each DCFD, is employed so that only gamma
ray photons associated with the emission of a positron and the corresponding annihilation ¢vent are
Sele\,tcd, rcoycbtivcl_y. The BEFP-seleetsthestartand atuy aisualo, thcrcb_y uul_y alluvvius aisu Is where
the pulse heights are greater than LLD and less than ULD. The DCFDs generate fast logic pulses from the
selected input signals according to the constant fraction method.

The time difference between the output pulses arising from the start and stop signals is determined
using TAC and multichannel analyser (MCA) modules. The TAC module produces a rectangular output
pulse whose amplitude is proportional to the time difference between two input pulses, namely,
the start and stop signals. The TAC output pulses are properly stretched in time, then input into the
analogue-to-digital converter (ADC) of the MCA. The annihilation events are stored in the channel to
obtain a lifetime histogram on a computer. In order to obtain a proper pulse amplitude for operating the
MCA, a delay module is placed between the DCFD and TAC modules for the stop signal.
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