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POSITRON ANNIHILATION ANGULAR CORRELATION 

MEASUREMENTS IN NEUTRON-IRRADIATED 

NIOBIUM AND NIOBIUM-3WT%ZIRCONIUM 

By Eiichi KURAMOTO*, Kazunori KITAJIMA** 

and Masayuki HASEGAWA*** 

Positron annihilation angular correlation measurements have been per-
formed in niobium and niobium-3wt¾zirconium irradiated by neutron to a 
total dose of 5x1020n/cm2 at about 300°C. Full width at half maximum of 
the angular correlation curve was decreased by irradiation in both cases. 
Reduction percentages were 25% and 20¾ in niobium and niobium-3wt¾­
zirconium, respectively, and recovered to the original value after annealing 
at ll00°C in niobium. It cannot be considered as realistic that single 
vacancies or dislocation loops induced by irradiation cause such large reduc-
tions in width. Hence it should be considered that microvoids or depleted 
zones are formed during irradiation, probably, both of them in niobium 
and depleted zones only in niobium-3wt%zirconium. This conclusion was 
supported by the annealing behavior of yield strength in niobium. 

1. Introduction 

Recently positron annihilation measurements have become an important 

technique in the studies of lattice defects in crystals. As for the irradiation 

damage in metals, annihilation behavior of positrons in vacancy clusters (or 

depleted zones) and voids must be quite different from that in the perfect 

matrix. A large number of investigations, especially about voids, have so 
far been performed in various metals, e.g., molybdenum1-7>, aluminum8-10> 

and nickeJ11,12l. From standpoints of both of experiments13> and theoretical 

considerations14,15>, it has been established that positrons in microvoids give 

longer lifetime and narrower width of an angular correlation curve with 

increasing the microvoid size. In this paper will be reported the results of 

angular correlation measurements on neutron-irradiated niobium and niobium-
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3wt %zirconium. In the former microvoid formation can be expected. 

9
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Experimental Procedures 

Positron Annihilation Angular Correlation Measurements 

Positrons used for the study of defects penetrate into the metal with 
high energy around 1 Me V, but are rapidly slowed down by the interaction 
with conduction electrons and, at not too low temperatures, are thermalized 
in times small compared with the lifetime of the positrons. The life of a 
positron is terminated by annihilation with an electron, the total mass of 
the pair being converted into electromagnetic radiation. In metals the main 
contribution to the annihilation rate comes from the conduction electrons and 
minor contribution comes from the core electrons. The behaviour of posi-
trons in metals must be studied through the r irradiation emitted during the 
annihilation process (usually two r rays in opposite directions). If both 
members of an annihilating electron-positron pair are at rest, the conserva-
tion of energy and linear momentum demands that in two-photon annihilation 
the two r rays are emitted with exactly the same energy (Er=m。c2where 
m。isthe electron or positron rest mass) and in exactly opposite directions 
with linear monenta P, =士m。c. If the annihilating pair has a nonvanishing 
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Fig. 1 (a) Principle of positron annihilation, (b) Coincidence counting 
rates vs angle O, (c) Electron distribution in momentum space for 
free electrons, and (d) y-y angular correlation for free electrons. 
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linear momentum p, this symmetry is lost, and the directions of the r rays 
differ from 180° by a small angle(j＝p / me. Measurements of the angular 
correlation of the directions of the photons resulting from a 2r annihilation 
give thus information on the linear momentum and hence on the velocity of 
the annihilating pair. This is illustated in (a) and (b) in Fig. 1. If Fermi 
surface is a perfect sphere, namely, constructed by free electrons only, the 
measured angular correlation curve 1s a parabola, because each value on the 
angular correlation curve corresponds to the volume of the sliced part of the 
sphere as shown in (c) and (d) in Fig. 1. Hence the tail of the angular 
correlation curve comes from.the contribution of core electrons. Usually 
this contribution is approximated by a Gaussian distribution curve. ・ 
The schematic diagram of the measuring circuit of the angular correla-
tion is shown in Fig. 2. Nal(Tl) detector is used to count the annihilation 
quanta. One detector is fixed and the other is located on the moving arm. 
The distance between two detectors is 4 m. The moving direction of the 
detector is from down to up. This system has a conventional long slit just 

Fig. 2 Schematic diagram of the electronic circuit for the angular 
correlation measurement. 
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before the each detector having geometrical resolution of 0. 63 mrad (FWHM), 
details of which were published in the previous paper16'. As a positron 
source 64Cu produced by neutron irradiation in JMTR (Hydro-Rabbit irradia-
tion) was used. The counting rate was calculated by the following expres-
sion; P= (N.-n.) I (Na叫）ぶ＝2況 Nb,where N0 is the coincidence count, 
凡 andNb are single counts for a moving and a fixed counter, respectively, 
n0 is the chance coincidence count and -r: is the resolution time (~25 nsec), 
na is the back ground count for a moving counter. 

2. 2 Sample Preparation and Neutron Irradiation 

High purity niobium of MRC (MARZ-grade) was electron beam zone-
melted in vacuum (~1 x IQ-6mmHg) (together with a calculated amount of 
zirconium sandwiched by two niobium rods (up and down), when the alloy 
was obtained) and then rolled into a thin sheet of 0. 1 mm, which was 
annealed by direct current heating in ultra high vacuum (~5 x 10-9 mmHg) 
for one hour at about 2000°C. Specimens thus obtained were polycrystals 
of coarse grain (~2 mm). The specimens were irradiated in the H-7-3 hole 
of the JMTR reactor at about 300°C to a total dose of 4. 8x10zo n/cm2 (> 
lMeV) and were preserved in the hot-cell for 8 months before use for posi-
tron annihilation measurements in order to reduce the back ground due to 
the induced activity of the specimens. Two specimens of a size 10 mm x 10 
mm x 0. 1 mm were piled up on the specimen holder for one test run to ob-
tain an enough thickness (0. 2 mm) for stopping positrons in the specimen. 
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Fig. 3 Angular correlation curves of neutron-irradiated niobium; (open 
circle) unirradiated specimen, (cross) neutron-irradiated with 
4.8xl020 n/cm2, (triangular) annealed at 700°C for 30 min, 
(solid circle) annealed at 700°C and 1, 100°C for 30 min. 
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3. Experimental Results 

Figure 3 shows the angular correlation curves of niobium specimens 

unirradiated, as-irradiated, annealed at 700°C (30 min, 2 x 10-s mmHg) 1100 
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Fig. 4 Effects of the isochronal annealing for 30 min on the full width 
at half maximum (FWHM) of the angular correlation curve of 
niobium irradiated by neutron. The same crystal was used for 
each annealing. 
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Fig. 5 Angular correlation curves of neutron-irradiated niobiobium-3wt% 
zirconium; (open circle) unirradiated specimen, (cross) neutron-
irradiated with 4. 8 x 1020 n/ cm凡 (triangular)annealed at 700°C for 

30 min, (solid circle) annealed at 700°C and 900°C for 30 min. 
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0G for 30 min. The full width at half maximum (FWHM) of as-irradiated 
specimen is in 25% reduction compared with that of unirradiated specimen 
and recovered completely by annealing up to 1100°C as shown in Fig. 4. 
Annealing at 700℃ did not give any recovery to FWHM but a slight change 
to the shape of an angular correlation curve as seen in Fig. 3. Figure 5 
shows the angular correlation curves of niobium-3wt¾zirconium specimens 
unirradiated, as irradiated, annealed at 700°C and 900°C. FWHM of as-
irradiated specimen is in 20% reduction compared with that of unirradiated 
one. In niobium-3wt¾zirconium recovery already started at 700°C annealing 
and at 900°C almost half of the reduction was recovered as shown in Fig. 6. 
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Fig. 6 Effects of the isochronal annealing for 30 min on FWHM of the 
angular correlation curve of niobium-3wt¾ zirconium irradiated 
by neutron. The same specimen was used for each annealing. 

Isochronal annealing experiments of the yield strength was also per・ 
formed for niobium using specimens of the shape of 8 mm x 30 mm x 0. 1 111111 
neutron-irradiated under al111ost same condition (7. 2x10'0 n/c1112, ~300°C). 
Recovery of the yield strength due to isochronal annealing (20111in, ~2 x I0-5 
111mHg) is shown in Fig. 7. Tensile tests were performed at roo111 
temperature using two speci111ens, namely, one speci111en was tested 
repeatedly after annealing at 500°C, 700°C, 900°C successively and the other 
one at 600°C, 800°C, l000°C in order to avoid the work hardening caused 
by repeated tests of the sa111e speci111en. It is clearly seen that recovery 
occurs in two steps, i.e., around 750°C aad 1000°C. A s111all increase of 
the yield stess is seen between as-irradiated and 500°C annealed speci111en, 
which 111ight be some radiation-anneal hardening. On the other hand, nio-
biu111 speci111en of Imm¢ x 30 mm irradiated by neutron to a lower dose of 
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Fig. 7 Recovery process of the yield stress of neutron-irradiated niobium to 

a dose of 7. 2xl020 n/cm. Each measurement was performed at room 
temperature. 
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Fig. 8 Recovery process of the yield stress of niobium irradiated by neutron 

to a lower dose of 1. 2 x 1019 n/ cm 2. Each measurement was performed 

at room temperature. 
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1. 2 x 1019 n/cm2 showed a single stage recovery as shown in Fig. 8. In this 
case no microvoid can be expected to be formed, and only dislocation loops 
induced by irradiation cause hardening. The yield stress is very high 
because of the small grain size. 
Transmission electron microscope observation was also performed for 
niobium foil irradiated under the same condition as the specimens for posi-
tron annihilation measurements. No visible void was observed, but disloca-
tion loops and dislocations were observed. The density of dislocation loops 
in the specimens annealed at 700°C for 30 min was about 1. 2 x 1014 cm -3 and 
the loop diameter was about 500A. The dislocation density in the specimen 
annealed at 1000°C was about 1 x 108 cm-2. In the latter specimen dislocation 
loops were annealed out and but only dislocation lines were retained. 

4. Discussions 

It is well known that FWHM of the angular correlation curve decreases 
by introducing dislocations, vacancies, vacancy clusters and voids into crys•一

tal specimens. The amount of the decrement of FWHM depends upon the 
kind of the defects, and then it should be possible to identfy the defect from 
the angular correlation curve if only one kind of defect is present and the 
concentration is high enough to insure the saturation of positron trapping. 
Vacancies introduced by quenching or irradiation and dislocations introduced 
by deformation cause a narrowing of FWHM of 7 to 15 % in varous metals 
(Cul7l, Nb18', Fe19', and Mo1,13>). It is known that depleted zones, vacancies 
of high density, introduced by neutron-irradiation give a rather larger nar-
rowing (~20 %), e.g., in Fe20i irradiated at 20°K and measured at 77°K. 
On the other hand, more than 25 % reduction in FWHM was observed in 
Mo1', AJ1°l and Ni11J containing voids. It can be concluded from these 
results that the reducton in FWHM of niobium in the present experiments 
should be caused by voids introduced b 

.. 
y neutron-irradiation. Electron 

microscope observations showed no voids in the specimens. It should be then 
concluded that irradiated niobium contains microvoids as small as could not 

゜be detected in the electron microscope (<30 A). On the other hand, 
niobium-3wt%zirconium contains no microvoids but depleted zones which 
cause narrowing observed. Michel and Moteff21,22> observed small voids in 
niobium but no void in niobium-lwt%zirconium irradiated by neutron at 425 
°C. It can be deduced that the irradiation temperature in the present 
experiment (~300°C) is slightly lower than the threshold temperature for the 
visible void formation. Addition of zirconium to niobium suppresses the void 
formation because of the trapping of vacancies by zirconium atoms as sug-
gested by Michel and Moteff21J. 
Isochronal recovery experiments of yield strength of irradiated niobium 
showed two recovery steps, 750°C and 1000°C, in the case of higher dose 
irradiation, but only one step, 750°C or lower, in the case of lower dose 
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，
 irradiation as mentioned above. It should be concluded that the lower tern・ 

perature stage is attributed to annealing out of irradiation-induced dislocation 
loops and the higher one to that of microvoids. The increment of the yield 
stress due to dislocation loops231 is given by,d-r=O. 5/.Lb(Nd)11', where N is 

the density of dislocation loop and d is the loop diameter, then,dて was
estimated as 1. 3kg/mm', and~2. 5 kg/mn廿 intotal load, which is almost 

equal to the observed value in Fig. 7. On the other hand, using the rela・ 
tion for the void hardening231,,dて＝μb(Nd)112, where N is the void density, 

d is the void diameter, the amount of microvoid hardening of about 2 

kg/mm', which is obtained by subtracting the yield stress of unirradiated 

specimen, 3 kg/mm', from the total load, 5 kg/mmりgives"the estimation 
for the microvoid density as 1.2x10" cm-3 assuming d=30 A. Microvoids 
of this density may have positron trapping power large enough to explain 
the marked reduction of FWHM, since it is equivalent to single vacancies of 
the concentration 2. 4 x 10-6, if positron trapping cross section of microvoid 

is assumed to be proportional to the geometrical cross section, and single 
vacancies of this concentration are able to trap positrons of the considerable 
percentage of the total number. 
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POSITRON LIFETIME MEASUREMENTS OF ELECTRON-

IRRADIATED IRON AND IRON-CARRON 

By Eiichi KURAMOTO* and Kazunori KIT AJIMA ** 

Positron lifetime measurements have been performed in pure iron and 
iron-carbon irradiated by high energy electron (28 MeV) at 77°K. Measure-
ments were performed at room temperature after each annealing at various 
temperatures above room temperature. Positron trapping by. radiation-
induced vacancies was observed, but disappeared mainly at single stage 
around 230°C in pure iron and at two stages around 100°C and 280°C in 
iron-carbon. The former should correspond to free migration of vacancies 
and the latter two correspond to migration and trapping of carbon atoms 
to vacancies and dissociation of carbon atoms from vacancies, respectively. 
Positron lifetimes were quite long (>300 psec) and could not be considered 
to correspond to monovacancies but small vacancy clusters. The value of 
lifetime increased with increasing annealing temperature in pure iron but 
remained constant in iron-carbon. The increase of lifetime means growth 
of vacancy clusters as observed in other metals, e.g., Mo and Cu. 

1. Introduction 

Although many investigations have so far been performed to obtain 

detailed knowledge of the properties of crystal defects in a-iron, very little 

has definitely been established. In particular, the views on migration 

energy of monovacancies, and on the interpretation of some of the recovery 

stages observed in a-iron have been quite controversiaJ1-7i. This is due 

partly to the extreme sensitivity of physical properties of defects in a-iron 

to the presence of interstitial impurity atoms, and partly to the presence of 

phase transformation between fcc 7-phase and bcc a-and a-phases, which 

gives rise to additional difficulties for both quenching and high temperature 

equilibrium experiments. 
Recently positron annihilation technique has become a powerful tool for 

the study of defects in crystals, particularly, vacancies, vacancy clusters 

and dislocations. Snead et al. measured the angular correlation of positron-

annihilation photons in electron-irradiated iron and found the recovery stage 

* Associate Professor, Research Institute for Applied Mechanics, Kyushu University. 
** Professor, The Reseach Institute for Applied Mechanics, Kyushu University. 
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at 100°C, which is considered to be due to migration of carbon atoms to 
vacancy sites8'. Weller et al. also obtained angular correlation curves in 
neutron-irradiated iron doped with carbon and concluded that migration stages 
of carb::>n atoms and vacancies were 50-100°C and 230-310°C, respectively, 
by comparing with the results obtained in internal friction measurements 
performed in parallel. 9'Schaefer et al. measured the Doppler broadening 
of the positron-annihilation line-shape for pure iron set in the cryostat where 
measurements in all temperature range were available and obtained informa-
tions of vacancies in thermal equilibrium. 101 They obtained the formation 
energy of vacancies 1. 6 eV in a-iron and then 1. 28 eV as migration energy 
of vacancies using the self-diffusion energy of 2. 88 eV obtained in pure iron 
by tracer method. 
In this report will be presented the results of positron lifetime measure-
ments performed in electron-irradiated iron and iron doped with carbon. 
Positron lifetime depends on the size of vacancy clusters and then the infor-
mations on vacancy migration and clustering should be obtained from this 
measurement. 

2. Experimental Procedures 

2.1 Positron Annihilation Lifetime Measurements 

For lifetime measurements one has to use positron sources which emit a 
fairly strong r-radiation in coincidence with positrons, such as Na22 (see 
Fig. 1, where a lifetime of metastable Ne22 is very short, i. e., 3 x 10ー13sec 
and decays to a stable Ne" with r-radiation of 1. 28 MeV). The coincidence 
radiation is used to trigger :an'electronic clock'at the time of birth of a 
positron. The essential component of the'clock'is a time-to-amplitude 

2+ 

O+ 

Fig. 1 

3+ 

22 
Ne 

22Na 
-冒―••

的 EC

Decay scheme of Na22 (positron source) 
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Positron Lifetime Measurements System 

Fig. 2 Schematic diagram of the electronic circuit for positron 
annihilation lifetime measurement. 

converter. The schematic diagram of electronic circuit is shown in Fig. 2. 
The time-to-amplitude converter generates an output whose amplitude varies 
linearly with the time between starting and stopping the clock. The'stop' 
pulse is obtained from one of the r rays of the annihilation radiation of the 
positrons. The output is stored in a multichannel analyser. The window 
for energy analysis in a timing single channel analyser (Timing SCA) is set 
as土10% and the resolution time in a fast coincidence circuit is set as 20 
nsec. If the lifetimeて tobe measured is large compared with the width of 
the prompt resolution curve, the distribution of time intervals between 
starting and stopping the'clock', and therefore of the pulse heights, is an 
exponential decay curve proportional to exp (-t;／て）． Inpractice the finite 
width of the time resolution function (~235 psec in FWHM in the present 
apparatus) causes a smearing of the decay function. The time resolution 
function was determined by measuring the pulse-height distribution from a 
source such as Co60 that emits two coincident r rays. 
Three component analysis has been performed for the obtained distribu-
tion of time intervals, namely, the shortest lifetime component巧， /1due to 
the annihilation in matrix, the second component巧， /2due to the annihila -
tion at defects (mainly in vacancy or vacancy clusters) and the longest 
component巧， /3due to the annihilation in probaly positron source itself, 
Na22Cl(2μCi) deposited on mylar thin plate. The analysis also contains the 
mylar component and the background. It took about 24 hours to measure ~ 
1, 000, 000 counts for one distribution curve and during the measurement the 
temperature must be kept constant within土1°C. Actual arrangement of a 
positron source and specimens is sketched in Fig. 3. 

13 
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MEASUREMENT OF LIFETIME 

口

positron ejection 1. 28MeV 炉quantum
positron annihilation 0.511M針ク

N(t)=N(O)も.exp(-t／互）
し

て1 て2 て3

11 12 13 

Fig. 3 Illustration of the arrangement of a positron source, 
specimens and probes. 

2. 2 Sample Preparation and Electron-Irradiation 

High purity iron rod (MRC MARZ grade) was zone-refined in wet and 
dry hydrogen gas one and five times, respectively, then again zone-refined 
in vacuum (1 x 1炉 mmHg)two times. The zone-refined rod was then rolled 
into a thin sheet of 0. 3 mm and annealed in wet and dry hydrogen gas at 
880°C, 10 hr and 650°C, 1 hr, respectively. The residual resistivity ratio 
was 1300 at 300 Gauss (probably 2000 at 800 Gauss). Grain size was about 
2 mm. Controlled amount of carbon atoms (100 wt. ppm) was doped into 
some of the specimens by annealing them in the hydrogen gas which had 
flowed through the liquid of n-hepthane. The doped specimen was then 
homogenized in argon gas and quenched into water to prevent carbon atoms 
from forming precipitations. 
Electron-irradiation was performed using high energy accelerator (Kyoto 
University Research Reactor, LINAC, 28 MeV, 15 μA). Specimens were 
set in liquid nitrogen forced to flow in stainless steel channel which has a 
window of thin (0. 05 mm) stainless steel plates from where electron beam 
comes in. The details of the apparatus was described in the previous paper"). 

3. Experimental Results 

The results obtained on the lifetimeてiand the respective intensity Ii of 
irradiated specimens and typical annihilation time spectra are given in Table 
I and Fig. 4, respectively. Unirradiated specimens also have non-vanishing 
/2 components which might be due to grain boundaries. Electron-irradiation 
provides larger I, components which contain both contributions from radiation-
induced point defects and grain boundaries. Annealing at each temperature 
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Table 

ー

|て1 て2 |“| Il I （お I 
I8 

(psec) (psec) (nsec) （％） （％） 

Fe1 umrr. 107 364 1. 7 91. 4 7.5 1.1 

Fe2 um． rr. 113 351 1.8 90.0 10.0 

Fe1 irr(50°C) 100 305 1. 4 70.6 28.1 1. 3 

Fe2 irr(77°K) 108 361 1.8 81. 8 18.2 

Fe2 100°c 109 369 1. 9 83.2 16.8 

Fe2 170°C 113 383 1. 9 84.5 15.5 1. 2 

Fe2 230°c 116 383 1.8 86.8 13.2 1.3 

Fe2 270°C 117 388 1.8 89.2 10.8 1. 3 

Fe1 210°c 105 382 1.8 90.4 8. 7 0.9 

Fe1 330°c 104 369 1. 6 92.5 6.7 0.8 

Fe-C unirr. 107 381 91.4 8.6 

Fe-C irr(77°K) 107 311 62.5 37.5 

Fe-C l00°C 107 310 66.0 34.0 

Fe-C 170°C 107 335 77.6 22.4 

Fe-C 210°c 107 327 75. 7 24.3 

Fe-C 300°C 103 336 87.5 12.5 
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Fig. 4 

TIME DELAY 

Typical annihilation time spectra observed in pure iron unirradiated 
(open circles) and・ electron-irradiated (solid circles) 
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Fig. 5 Effect of isochronal annealing on -r2 in pure iron electron-irradiated 
at 77°K (triangular points, at 40°C). Solid circles are experimentally 
obtained values and open ones are lifetimes for vacancies calculated 
from experimental data (see in text). 
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Fig. 6 Effect of isochronal annealing on 1:2 in iron-:-carbon electron-irradiated 
at 77°K. Solid circles are experimental data and open circles are 
lifetimes for vacancies calculated from experimental data (see in text). 
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(15 min, in vacuum of 5 X 10-7 mmHg) decreases /2 component, which shows 

migration of radiation-induced defects (mainly vacancy type) to sinks occurs 
in this temperature range because grain boundaries should not show any 
recovery below 300°C. /2 components of irradiated specimens were divided 
into two terms, (/z°,ず） and(/,1,が）． Theformer corresponds to the 
contribution from grain boundaries and the latter from radiation-induced 

defects (vacancies). These two terms were determined by simple calcula-
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Fig. 7 Effect of isochronal annealing on巧 inelectron--irradiated pure iron 
and iron-carbon (replotted from Figs. 4 and 5), 
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Fig. 8 Effect of isochronal annealing on K in electron-irradiated pure iron 
and iron-carbon 
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tions using trapping model (described below) and comparing /2 components 
of unirradiated and irradiated specimens. Results are shown in Figs. 5 and 
6, wher evalues ofて2(solid circle) andてz1(open circle) are plotted against 
annealing temperature in the case of pure iron and iron-carbon, respectively. 
In Fig. 7 values of巧 forthe radiation-induced defects, て/, are replotted 
against annealing temperature. As shown in this figure 巧 inpure iron 
increases with increasing annealing temperature, but that in iron-carbon 
remains constant. In Fig. 8 trapping rates of positrons to radiation-induced 
defects (vacancy or vacancy clusters) are plotted against annealing tempera-
ture. These values were calculated together Viiith values ofて showedabove. 
Details of the method of the calculations and trapping model of positrons 

will be described below. 
If only one kind of defects trap positrons in specimens, the time change 
of the number of untrapped (free) positrons, Ni, and that of trapped posi-
trons, N,, are given by 

dN1 
＝一dt 虚f—成

(3. 1) 
dNt 
dt --＝-μ2Ntパ N1

with the solutions 

N(t)=Nパt)+Nt(t) =N(O)[l1exp（ー叫）＋!,exp(-μ2t) J (3. 2) 

where凡＝て1-1＝ふ＋尼山＝て,-1, l1=l-に伍ー“2)-1, I庁に（凡一ル）古ふ―liS 
the lifetime of free positrons, て2is that of trapped positrons, に isthe 
trapping rate of positrons to defects. If there are two kinds of defects 
which trap positrons, e.g., vacancies and grain boundaries like the present 
experiments, the solution is likewise given by 

N(t) =N(O)[l1exp（ー叫）＋I2exp(—叫）＋l/exp(-µ,'t)] (3.3) 

where μ戸巧―1＝ふ＋に十K',/12=て2-1,μ'2=て'2ー1.11=1ーバμ1―μ2)-1→'（μ1―五）ー19
12＝IC(f-11―μ,)-1, I;=IC'(/J.l―μ/）ー1，巧，て'2and K, IC'are positron lifetimes and 
trapping rates for two kinds of defects, respectively. The second components 
（て2and /2) of irradiated specimens in Table I contain two contributions from 
two kinds of trapping centers, grain boundaries and vacancies and the next 
relation is approximately established, denoting experimentally obtained values 

as I; and μふ

l2exp(-µ~t) =l2exp(-t12t) +l'2exp(-μ'2t) (3.4) 

The two cases, t = 0 and t：：：：：：：゚ givetwo relations as follows. 

I;＝I2+I'2 

I和心＝I認2+I'2μ'2
(3. 5) 
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Using the values of巧 andK of unirradiated specimens we can solve this set 
of equations, givng the values ofて2and K for radiation-induced vacancies 
which were already shown in Figs. 5, 6, 7 and 8. 

4. Discussions 

Most of the expriments so far performed show that vacancy migration in 
iron occurs above room temperature, but very few show the migraton below 
room temperature, e.g., Cuddy12J and Doyama et al汽 Ourmeasurements 
were performed only above room temperature, so that informations between 
77°K and room temperature were not obtained. Table I, however, shows 
the dominant migration of vacancies occurs about 230°C in pure iron, although 
Fig. 7 shows the gradual increase of巧， whichmeans clustering of vacancies 
according to Hautojarvi et al14, already started at room temperature as 
shown in Fig. 7. In the interpretation of the experimental results it must 
be taken into account that the energy of electrons used for irradiaton was 
so high as 28 MeV that collision produces multiple displacements and then 
the distribution of radiation-induced defects is not necessarily uniform, i.e. 
some parts of them must be localized foming concentrated regions like 
depleted zones in neutron-irradiation. In that case clustering of vacancies is 
expected to occur at lower temperatures because the distance to the neigh-
bouring vacancies is very short (a few atomic distances) compared with that 
in uniform distribution. This might be one of the causes lowering the tem-
perature for vacancy migration in the present experiments. In Doyama et 
al's case (neutron-irradiated iron), this effect must be much more prominent, 
which can be regarded as the main reason lowering the migration tempera-
ture (~200°K). 
The other problem is that the value of -r-2 itself is already larger than 
300 psec at room temperature in pure iron. It is known that in various 
metals positron lifetime in single vacancies and that at dislocations are 
almost equal each other. In iron positron lifetime at dislocations was mea-
sured as 167 psec by Hautojarvi et aJ15l using deformed iron specimens. 
Positron lifetime in single vacancies in iron may then be less than 200 psec 
in the analogy of other metals though it has not yet been measured. The 
value of -r-2, 300 psec is, therefore, may not be a positron lifetime for a 
single vacancy, but that for a small vacancy cluster, probably, di-or tri-
vacancy according to Hautojarvi et al's calculation1•i. It must be hence 
concluded that clustering of vacancies already occured below room tempera-
ture, presumably, in vacancy concentrated regions in the specimen, where 
a few atomic distance jump of vacancies form small clusters. 
Recently kiritani et aP') obtained the vacancy migration stage 310°C~ 
340°C in pure iron by the observation of interstitial-type dislocation loop 
formation in high voltage electron microscope. But it was not confirmed 
whether the migration process corresponds to single vacancies or other clus-
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20 E. KURAMOTO and K. KIT AJIMA 

ters. If we assume the migration stage of single vacancies in iron is below 
room temperature, e.g. =200°K (~O. 6 e V), the formation energy should be 
2. 28 e V because the self-diffusion energy has been established as 2. 88 e V 
from the experiment using a radio-tracer method17i. The formation energy 
2. 28 e V is, however, too large to dope enough vacancies for electrical resis-
tivity measurements to specimens by quenching from 900°C. On the other 
hand, Takaki and Kimura6) succeeded in observing the vacancy migration 
stage on the resistivity recovery curve of quenched specimen. Hence it seems 
reasonable to think that vacancy migration stage exists above room tempera・ 
ture except the case where highly vacancy-concentrated region, e.g., dep-
leted zone in neutron-irradiation, can be expected to exist. 
In iron doped with carbon巧 didnot increase but remained constant as 
~300 psec and trapping rate K: decreased stepwisely, namely, ~100°C and 
280°C as shown in Figs. 7 and 8, respectively. The first stage must corres-
pond to migration of carbon atoms to vacancy sites, giving rise to the 
reduction of trapping cross section for positrons, i. e., decrease of trapping 
rate K. This is the same result as those of angular correlation experiments 
performed in iron doped with carbon irradiated by electrons (Snead et al8l) 
and neutrons (Weller et al9i). Constancy ofて2in iron-carbon for isochronal 
annealing could be explained by this complex formation (probably a carbon 
atom plus di-or tri-vacancies). The stable configuration of complex of a 
carbon atom and a single vacancy was calculated by Johnson18i, where a 
carbon atom stays just beside the vacancy site and did not go into the 
vacancy. The stable configuration of complex of a carbon atom and di-or 
tri-vacancy has not yet been calculated, but presumably, a carbon atom goes 
into the vacant sites to decrease the trapping power for positrons. The 
second stage, ~280°C, can be considered as dissociation of the complex and 
vacancies rapidly migrate to sinks, causing the decrease of trapping rate K:. 
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