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Abstract. A mobile positron-lifetime spectrometer based on  With the exception of positron beam techniques [1-3]
a pt-y coincidence measurement, which has been applieh current positron-lifetime spectroscopy;y coincidence

to in-situ examinations of microstructural evolution processesneasurements are primarily performed using a prompt
during the fatigue of copper single crystals, is describedquantum as a start signal andbal keV annihilation quan-
Since no sandwich-type geometry is required, it is applicableum as a stop signal. With respect to the positron activity of
to all specimen geometries commonly used in materials tes& typical positron source, the-y coincidence rates are low
ing and to the non-destructive testing of engineering parts idue to the limited detection probability of quanta. Thus,
service. As a radioactive souré&Segenerates the positron- a large part of the positrons annihilate without being detected
emitting”2As, which provides two positron spectra with max- and long measuring times are required. Therefore, the possi-
imum energies oR.5MeV and 3.3 MeV and a prompty  bilities of in-situ investigations of microstructural evolution
quantum of835 keV. The positrons emitted in the direction processes are limited to processes taking place on atime scale
towards the specimen pass through a fast plastic scintillanuch longer than the measuring time.

tor and produce a scintillation signal, thereby losing about If the sandwich geometry is used, two identical specimens
150 keV of their energy. This signal serves as a start signabr two pieces cut from the same specimen are required, and
for the positron-lifetime measurement and is measured in cdahe positron source is placed between (e.g. [4—6]). From this
incidence with the subsequéesitl keVannihilation quantum. point of view, the common sandwich technique of positron-
After passage through the plastic scintillator the remainin@nnihilation technique is a destructive method.

positron energy is still high enough to penetrate deep into the Typically, 22Na is used as positron source which emits
material and to allow for real bulk examinations. The promptpositrons with a maximum energy 6#4 keV. These ener-

y quantum may serve as an on-line control of the stability ofjies yield a typical penetration depth of abd®0-200m

the electronic system which will be useful under non-constarttelow the material surface. For many applications this pen-

service conditions in a proposed field application. etration depth is too small to investigate the microstruc-
tural evolution in the bulk, e.g., since the dislocation den-
PACS: 61.72.Hh; 62.20.Mk; 78.70.Bj; 81.70.-q sity near the surface may be appreciably lower than that

in the bulk of a tensile specimen [7—9]. Additionally, in
many cases the surface properties of the specimen change
For future application of the highly sensitive method ofduring plastic deformation due to the formation of slip
positron annihilation in non-destructive testing and materilines and slip bands [10,11]. Therefore disturbing effects
als science, an easy, portable instrument is required whiatn the positron-annihilation properties cannot be exclud-
serves for different specimen geometries and provides faed.
short measuring times. This should be accomplished with Three systems for non-destructive testing and damage as-
a positron source of moderate activity which allows for safesessment based on positron-annihilation measurements have
and simple handling, from the radiological point of view. been presented in recent literature [14—16].
However, the positron energies should be large enough to ac- Somieski et al. [14] measure the positron lifetime by
cess bulk properties with negligible disturbances from surfacg-y coincidence with a sandwich-type geometry. The sand-
effects. Accordingly, it seemed highly promising to developwich consists of the specimen to be analysed?#hia source
a method of positron annihilation with regard to the require{15.Ci) and a small piece of reference materi@a/As
ments of a non-destructive testing technique for engineerindoped with Zn) with a known positron lifetime 230 p9
parts. A first interesting application in this field may be the in-which also protects the scintillators from direct positron ir-
situ investigation of microstructural evolution processes dueadiation. The lifetime spectrum has to be corrected for the
to plastic deformation of materials. annihilation events in the reference material.
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Hutchings et al. [15] use &Ge source ofl mn? size  of 835 keVwhich serves as a stop signal in order to record an
(201.Ci) housed in an aluminium holder. It is reported thaton-line prompt spectrum.
the holder is specially designed to maintain a good spatial The source isotope/?Se was produced by irradiating
resolution and that half of the positrons annihilate there, giva germanium target witle-particles of55 MeV energy at
ing a constant contribution to the line shape. Since the linethe Bonn cyclotrone. The irradiated germanium target was
shape paramet&is measured with a germanium detector, nomelted in a graphite crucible. Since the vapour pressure of
coincidence is required, the counting rates are high and theelenium at1250K is 10'3 times higher than that of ger-
geometry is rather simple. TH8Ge emits positrons with an manium [18], the selenium isotopes can easily be separated
energy of up tol.9 MeV which makes real bulk properties from the target material. Th&Sevapour could escape from
accessible due to the larger penetration depth into the matthe crucible only through a small hole as indicated in Fig. 2.
rial as compared t82Na. Uchida et al. [16] also developed The vaporized selenium condensed preferentially on the in-
a portable annihilation line shape analysis system witGe  ner surface of a coole®{0K), cylindrical gold collimator
source which has been applied to assess the fatigue damageihich was closely placed above the graphite crucible. The
stainless and low alloy steels and the microstructural changeghole set-up was placed in a vacuum vessel at a pressure of
during aging of duplex stainless steels. 5x 10~°mbar[19].

The present paper introduces a method of non-destructive The collimated source is covered by a fast plastic scintil-
testing which appreciably reduces the background and allowator of one millimeter thicknedswhich has to be passed by
for coincidence rates of life-time measurements inkklz ~ each positron which contributes to the lifetime measurement
range using positron activities of abd@@.Ci. The method (see Fig. 3). The effect of the gold collimator (inside diameter
is based on an idea of Graham and Bell [12] and of Maief.6 mm, outside diameter 02.0 mm) depends on the spa-
and Myllyla [13], that is to use #-y coincidence instead tial distribution of the selenium inside. Positrons which are
of the y-y coincidence. This is carried out by placing a thin, emitted by atoms on the bottom of the collimator will either
fast plastic scintillator between the source and the specimen.

Thus, positrons being emitted from the source pass the sciBBC 418 from BICRON Organic Scintillators
tillator and lose about50 keV of their initial energy which
provides the start signal.

~ collimator

1 Set-up of theg*-y spectrometer

Figure 1 shows thaf2Se as the parent nucleus decays byg 0.3 mm
electron capture inté?’As which undergoes A decay emit- '

ting two 8T spectra with maximum energies 26 MeV and

3.3MeV. Since the half-life of'2Seis 8.4 daysand that of

"2ps is only 26 h, a radioactive equilibrium is established

after 3.6 dayswhich leads to g8 activity decreasing with

a half-life of 8.4 days The short half-life minimizes the risks

of eventual contamination which is important for field appli-

cations of the portable set-up. The emission of a positron of

2.5MeV is followed by the emission of a promptquantum

crucible
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Fig. 2. Preparation of £2Sesource in a gold collimator by vapour deposi-
tion. Figure after Tongbhoyai [19]
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Fig. 3. Start detector set-up consisting of the fast plastic scintillator, the
Fig.1. Decay scheme of2Se after [17]. Note the prompy radiation of plexiglass light guide th€2Se collimated source, and the photomultiplier
835 keVenergy of the’2Ge tube. The specimen itself is surrounded by Plexiglass
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photomultiplier tubes (Philips XP 2020)

directly hit the specimen or annihilate in the gold. Positrons Figure 4 shows a schematic layout of the data-aquisition
which are emitted from atoms on the upper part of the intesystem which is a standard lifetime measurement system
rior surface may miss the specimen and annihilate elsewherith slight modifications. Since the detection efficiency of
However, in this case, the energy loss of the positrons in thay quantum in 88aF, detector is much lower than ti®0%
scintillator is higher than th&50 keVfor the direct, perpen- probability to detect the passage of a positron in the plastic
dicular passage. Therefore, in order to reduce the backgrourstintillator, in practice, inverted lifetime spectra are recorded.
the collimating effect may be supported electronically by re-The signal of théBaF, detector is used as the start signal and
quiring a maximum energy loss closel60 keV. the delayed signal of the plastic scintillator serves as a stop
The collimator-source set-up is housed in the tip ofsignal [13]. In this way the time-to-amplitude converter is
a plexiglass cone which serves as a light guide and is placett charged with positron-passage signals which will not find
on a fast photomultiplier tube (Philips XP 2020). In order totheir corresponding annihilation signal. Hence, the dead time
allow an easy exchange of exhausted positron sources, tieereduced and the set-up is able to cope with coincidence
optical contact between the Plexiglas cone and the photomulates of mankHz.
tiplier tube (PMT) is of silicon oil. The whole arrangement  The511 keVannihilation quanta and tf&85 keVprompt
is placed in a light-proof aluminium container with a thin quanta are detected with the aid of a5”BaF, detec-
aluminium foil of 20um thickness acting as the positron tor. A discriminator unit is adjusted to distinguish between
window. 511 keVand835 keV quanta and to trigger a switch for the
Since the half-life of only8.4 dayslimits the duty cycle, data aquisition in a multi channel analyser (cf. Fig. 4). So,
an initial positron activity oBOwCiis chosen, which gives an the positron-annihilation and the prompt line are recorded si-
initial 87-y coincidence rate of several thousands per secondnultaneously. The latter allows an on-line control of the time
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resolution of the spectrometer which is measured using theee e.g., [22]) and the results of the in-situ measurement of the
start signal of 2.5 MeV positron and the successi885keV  mean positron lifetimée+ .
y quantum as the stop signal. This is especially helpful in In our experiments cylindrical single crystals have been
monitoring the stability of the electronic components un-used, approximately0 mmlong and5 mmin diameter, with
der variable environmental conditions. The full width at halfa central gauge length df0o mm length and4 mm in di-
maximum of the prompt line yields values 880 ps Fig- ameter. Even if the collimated source set-up is placed at
ure 5 gives an example of a simultaneously recorded inverse distance ofl mm from the specimen, abo&0% of the
positron-lifetime spectrum and the prompt curve. positrons which produce a valid start signal in the scintil-
lator miss the specimen and annihilate elsewhere. As far as
possible the specimen was surrounded by plexiglass in order
to allow these positrons to annihilate only in a material in
2 In-situ positron_“fetime measurements during fatigue which pOSitroniUm forms. Since the piCk'Oﬁ: annihilation of
experiments the positronium triplet state contributes to the lifetime spec-
tra with a significantly longer lifetime>(1.5ng it can be
The positron-lifetime spectrometer was used for an on-linglistinguished from annihilation events in the copper speci-
assessment of fatigue damage in cyclic deformation experimen. Thus, the background in the recorded spectra is mainly
ments with copper single crystals. The following examplecaused by positrons annihilating either in the plexiglass sur-
is part of an extended investigation of the applicability ofrounding the specimen or in the plastic scintillator. Before
positron annihilation to the non-destructive characterizatiomach experiment a pure background spectrum is accumulated
of defect structures in plastically deformed metals and alloyshy placing a plexiglass specimen in the spectrometer. No ad-
In order to meet our requirements, a small closed-loop corditional lifetime components are introduced, since the plexi-
trolled cyclic deformation machine was constructed which iglass and the plastic scintillator exhibit the same positron life-
driven by a piezoelectric translator. Currently, total strain amtime spectra. However the percentage of positrons which are
plitudes up td0Owm and force amplitudes up kN can be  backscattered by the specimen may differ from the conditions
achieved [20, 21]. during the experiment when metallic specimens are exam-
The cyclic deformation experiments were performed inined. But only the small portion of positrons that additionally
symmetric push-pull mode under total strain control withannihilate in the thin aluminium foil acting as positron win-
a frequency of2Hz Mechanical hysteresis loops were dow yield a difference between the measured and the real
recorded and the cyclic hardening curve was determinedhackground.
The plastic shear strain amplitude resolved to the primary Before the mean positron lifetime is determined, the back-
glide plane |, was determined from the plastic strain in theground can be removed from the spectra by a weighted sub-
hysteresis loops at zero force. The cumulative plastic shearaction of the recorded pure background spectrum. Therefore
strain yeum = Y _; 4Ni7p1i was calculated wherdl; denotes we define a fixed window that clearly lies within the range
the number of deformation cycles witpy i The resolved of the long-lived component of the spectra. In this way the
shear-stress amplitudewas determined from the mean val- weight coefficient is given by the ratio of counts accumulat-
ue of the amounts of the maximum and minimum force ined inside this window in the examined spectrum and in the
tension and compression. Figure 6 shows the resulting cycligure background spectrum. After the subtraction of the back-
hardening curve (For details of typical fatigue experimentground, a numerical fit by a weighted linear regression yields

[edn] »

Fig. 6. Cyclic hardening curve, i.e., re-
solved shear-stress amplitudeversus

the cumulative resolved shear stragdym
(symbol e) of the copper single crystal
Cu-79 and the mean positron lifetine.+
(symbol o). The arrows indicate an in-

Y crease of the applied total strain amplitude

cum to the values indicated
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the mean positron lifetinfe The precision ofs+ depends on Only the positrons which annihilate in the plastic scintillator
both the stability of the electronic devices and the accuracgnd those which are missing the specimen and annihilate else-
of the applied evaluation procedure. A repeated measuremewhere contribute to the background. However, if the positrons
performed on an undeformed specimen showed a statisticalissing the crystal are only allowed to annihilate in the plexi-
scatter of the obtained mean lifetimes of less th&mps This  glass which surrounds the specimen, the background can be
is, however, three times more than the statistical error due teeduced by subtracting a plexiglass reference spectrum. If
linear regression fit of the lifetime spectrum after correctionve use a copper plate instead of a cylindrical specimen, the
for the background. The absolute values of the mean positrageometry becomes similar to the one used in [14] and [15].
lifetime obtained from several undeformed crystals can bén this case the background is reduced to al8i86 which
reproduced withint5 ps is much lower than the&l4% and about0% cited in [14]

At small amplitudes of the resolved plastic shear strairand [15], respectively. The inversion of the start and stop sig-
(L.7x10°< Ppi < 8.5x 1079), up to cumulative strains of nals helps to avoid effects of a counting-rate saturation and
15, no significant extension in the positron lifetime is ob-allows us to cope with the high™-y coincidence rates [13].
servable. After an increase 9§ to 8.5 x 10~° a pronounced Usually, standard methods in non-destructive materials
cyclic hardening sets in, which is accompanied by an increadesting (e.g., ultrasonics) require portable equipment in order
in the positron lifetime. The increase of the positron life-to test engineering parts that are actually in service. This type
time takes place just in a range #&fi where the mesoscopic of investigation takes place under different environmental
dislocation arrangement in face-centred cubic metals undeconditions and the results have to be reproducible and com-
goes severe changes. In detail, the so-cathediix structure  parable. This means that the absolute valu&gohave to be
which is characterized by a constant, static dislocation densityeproducible for materials in the same stage of fatigue. There-
becomes instable and is partially replaced by so-cglked  fore, one has to aspire to work with a well defined detector
sistent slip band§PSBs)3The constant dislocation density in geometry, a constant adjustment and a constant temperature
PSBs, however, results from a dynamic equilibrium betweemwf the electronic set-up presented in Fig. 4. The proposed sys-
production and annihilation of dislocations which producegem provides the possibility of an on-line control of the stabil-
high concentrations of atomic defects. A further increase oity of the electronic set-up and the detectors by recording the
7pi 10 5.0 x 10~ shows no further increase @+ which in- 835 keVline of prompty quanta. Hence, the proposed sys-
dicates a saturation effect. A detailed interpretation of outem satisfies all major requirements for a portable positron-
results will be given elsewhere. annihilation equipment in non-destructive testing. The neces-

For our purpose, i.e., to test the utility of in-situ positron-sity to install a new positron source every few weeks due to
lifetime measurements, it is important to note that the mithe short half-life may be balanced by safety requirements
crostructural changes are reflected both in the cyclic hardenvhen radioactive substances are handled outside laboratories.
ing curve e in Fig. 6) and in the corresponding development  For metals and alloys with a density &fg/cm® the
of the mean positron lifetimes(in Fig. 6). The cyclic defor- positron energies, after passage through the start scintillator
mation procedure did not need to be stopped for recording thaf up to 2.3 MeV and3.1 MeV are sufficient for the majori-
positron-annihilation spectra. The reduction of the samplingy of the positrons to penetrate into the specimen to a depth
time to several minutes already allows for an in-situ detecef more thar250m and400m, respectivelyt: This pene-
tion of microstructural changes at typical frequencies in strairiration depth enables one to access real bulk properties and to

controlled fatigue experiments @ H2). study the evolution of defect structures during plastic defor-
mation.

_ _ Only a few similar studies of fatigue damage accumu-

3 Discussion lation using positron annihilation have been reported. Due

o ] o . to the intended technological applications tBgarameter
The lifetime spectrometer des_cn_bed above is mproved_wnl;;vas measured for an investigation of steels [15, 16] and su-
respect to conventional-y coincidence systems, by using peralloys [25]. In order to reveal basic features of fatigue
the much higher detection efficiency of positrons in a plastignq fatigue crack initiation, positron-lifetime studies are re-
scintillator. Therefore, theg*-y coincidence rates are ap- ported on copper and nickel crystals [26,27]. The positron
proximately ten times higher than they coincidence rates sy, dies on copper have been performed on a series of single
in a conventional set-up with the same source. This is a presystals and polycrystals which were cyclically deformed un-
requisite of in-situ assessment of deformation damage. Singgyy jdentical conditions until different stages of fatigue were
the positrons which annihilate in the collimated source do nofeached [26]. The specimens were then sliced in order to
make any contribution to the spectrum, because they do n@btain identical parts for the sandwich geometry. Different
produce a start signal, the background is reduced appreciabltages of fatigue damage accumulation were discernible in
B — sandwich specimens cut from different crystals. Since this
2By the use of @*Mn source, which providey radiation of835keven-  method is destructive, one has to know when to stop the

ergy, it has been measured that abbi# of the prompB835 keVquanta are ; ; ; ;
Compton-scattered in tHgaF, detector and will erroneously be counted as CyCIIC deformation experiments, i.e., some knOWIedge about

511 keV quanta. These events, however, measure the lifetime of the excitt-he dynamlcs of the fatlgue damage accummatlon 'S_requ”ed-
ed state of thd?Ge of 3.1 Ps(cf. Fig. 1). Therefore, in the determination Otherwise, a large number of fatigued specimens is neces-
of Tgr this will cause a somewhat smaller absolute value. Neverthelessary and the investigation may become rather cumbersome.
since the conditions of recording and evaluating the spectra are constant,——

this shortage ot ¢+ will be approximately the same for all values and the 4The most probable positron energy {/3Emax) in the spectra is used to
effects on the interpretation of our results are negligible. calculate the penetration depth. The maximum available energy afpec-

SFor further information on the underlying features of cyclic deformationtrum has negligible probability and the annihilation of the corresponding
the reader is referred to some recent publications, e.g., [23, 24]. positrons does not significantly contribute to the signal.
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Real in-situ experiments have been performed on nickel cryfReferences
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