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Abstract Hydrogen in nano-voids in neutron-irradiated nickel has been detected using positron 

annihilation lifetime spectroscopy (PALS). As positron lifetime is greatly affected by nano-voids 

bound with hydrogen, special attention was paid to the analysis. The positron lifetime of 

neutron-irradiated nickel at higher irradiation dose increased with the dose, which is an indicator 

for vacancy clusters (nano-voids) formation in the lattice. The introduction of hydrogen in well-

annealed nickel by electrical charging resulted also in an increase in positron lifetime due to 

vacancy formation. In neutron-irradiated nickel specimens, hydrogen charging shortened the 

positron lifetime from 456 to 334 ps (irradiation dose: 3×10
-3

 dpa). Isochronal annealing 

behavior of hydrogen-charged nickel and neutron-irradiated nickel has also been  studied. 

Positron trapping rate was calculated using a simple trapping model. Thermal desorption 

spectroscopy [TDS] has been used for investigation of hydrogen behavior in non-irradiated 

hydrogen charged nickel.  
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1. Introduction 

The PALS method due to the high positron trapping probability is sensitive to defect 

concentration as low as 10
-6

 [1]. The advances in PALS have emphasized the usefulness of the 

positron method in defect spectroscopy studies, as a source of both qualitative and quantitative 

information about defects on an atomic scale. At present the PALS is a well-known method for 

studying atomic defects, such as vacancies, vacancy-clusters (nano-voids), dislocations, 

precipitates as well as defects containing gas atoms and has proved to give valuable information 

on electronic and ionic structures. In a perfect crystal, positrons are delocalized and annihilated 

via a Bloch state with electrons in the matrix. In condensed materials containing vacancies or 

nano-voids, the electron density is much lower than that in the matrix. The lifetime of positrons 

correlates with the magnitude of the electron density at the site of positron annihilation and give 

information for the open volumes at the vacancy defects. Positron trapping depends on the 

rearrangement of ions and conduction electrons at the defects as well as the reduction of positron 

kinetic energy and variation of the electron-positron correlation energy. The positrons are 

preferentially trapped by lattice defects, due to the strong Coulomb repulsion from the ion cores 

and are annihilated (with electrons) near the defects [2, 3]. Positron annihilation characteristics, 

such as positron lifetimes, intensities, and Doppler broadening line shape parameters, depend on 

the defect type and the chemical environment of the defects [4-7].  In the case of nanovoids, 

positron lifetime increases with nanovoid size. Hydrogen is produced in fission and fusion 

reactor materials, respectively. In a spallation neutron source, the target materials also contain 

hydrogen as a result of the irradiation by protons. That is why it is important to understand the 

behavior of hydrogen atoms in these materials [3,8,9].  Recently it has been demonstrated that 

the coincidence Doppler broadening [CDB] of positron annihilation radiation is effective for 

detection of hydrogen atoms in ion irradiated nickel nano-voids (10).  Hydrogen is produced in 

nuclear materials during neutron irradiation via nuclear reaction (n, p). In the present study, we 
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 3 

are interested in hydrogen charging effects in well annealed unirradiated and in neutron-

irradiated nickel studied by PALS as well as in model calculations of positron states in nickel 

nano-voids containing hydrogen. To our knowledge, the number of hydrogen atoms in nano-

voids was experimentally estimated for the first time. If the vacancies and nanovoids contain gas 

atoms, the positron lifetime decreases due to the overlap of electrons of gas atoms with trapped 

positrons [10, 11].  However, the detection of hydrogen in metals by PALS has not been 

quantitatively analyzed except by Ohkubo et al. [11]. In the present paper in addition to the 

PALS the method of thermal desorbtion spectroscopy was performed for detection of the 

hydrogen desorption in non-irradiated hydrogen charged nickel. The main purpose of this paper 

is to provide information for detection of hydrogen in neutron-irradiated nickel. In particular, we 

shall discuss the positron interaction in hydrogen charged neutron irradiated nickel.  The rest of 

this paper is organized as follows: The experimental procedure is described in Secs. 2. 

Experimental results are presented and compared with theoretical ones in Sec. 3. The physical 

trend observed in the experiments is discussed based of neutron irradiated nickel as well as the 

hydrogen charging and isochronal annealing of unirradiated and irradiated nickel samples in 

Secs. 3.1 to 3.4; Section 4 gives a short summary. 

 

2. Experimental procedure 

High purity nickel specimens (99.99%, Johnson & Matthey) were cold-rolled to 0.1 mm 

thickness. Circular specimens with a diameter of 3 or 5 mm were punched out of these nickel 

sheets. The specimens were annealed for 1 h at 1173 K in a vacuum of about 133.3x10
-6

 Pa. The 

average grain size after annealing was about 0.03 mm. Nickel specimens were irradiated at 573 

K with fission neutrons at the Materials Controlled Irradiation Facility of the Kyoto University 

Reactor (KUR) [12] to a dose of 6.7×10
-6

, 4.0×10
-5

, 1.0×10
-4

 or 3.0×10
-3

 dpa (displacement per 
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atom; threshold energy: 24 eV). Under these irradiation conditions, the generation of gas atoms 

by nuclear reactions was negligibly small. 

The electrochemical hydrogen charging of well-annealed nickel and neutron-irradiated nickel 

was conducted in a bath of 4 N H2SO4 under a current density of about 20 mA/cm
2
. An 

isochronal annealing for 1-hour was performed on the specimens in a vacuum after hydrogen 

charging. Positron annihilation lifetime was measured at room temperature using a fast-fast 

coincidence system, whose lifetime resolution (FWHM) was 190 ps. The counting rate was 

about 80 cps. The lifetime spectra were collected with a total count between 1 and 3×10
6
. 

Several spectra were accumulated in order to ensure the reproducibility of the data. The positron 

lifetime spectra were analyzed using the programs Resolution and Positronfit [13].  

Thermal desorption spectrum (TDS) of hydrogen-charged nickel was taken with a thermal 

desorption spectroscope (EMD-WA1000S/W, ESCO Ltd.) from 333 K to 783 K at a rate of 1 

K/s under a vacuum of 399.9×10
-9

 Pa.  

 

3.  Results and discussion 

3.1 Neutron-irradiated nickel 

The lifetime of a trapped positron in nickel defects is larger than that of the positron being 

annihilated in the free state, because the density of electrons inside a vacancy is less than that the 

interstitial region. We established that the lifetime of a trapped positron is sensitive to the size of 

vacancy defects as well as to the number of hydrogen atoms in nickel defects. 

As shown in Table 1, the positron lifetime spectrum for unirradiated nickel includes a single 

lifetime component of 110 ps, which agrees well with the calculated lifetime of 110 ps for a 

perfect nickel lattice and the results of Kuramoto et al. [14]. In nickel neutron-irradiated to a 

dose of 6.7×10
-6 

dpa, the positron lifetime spectra were decomposed into two components, τ1 and 

τ2. The long positron lifetime τ2 corresponds to the annihilation of trapped positrons in vacancies 

Page 4 of 32

http://mc.manuscriptcentral.com/pm-pml

Philosophical Magazine & Philosophical Magazine Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 5 

and vacancy clusters introduced into the specimen by neutron irradiation. By interpolation of the 

results and the results of Ohkubo et al. [15], the τ2 value, equal to 221 ps for a dose of 1.0×10
-4

 

dpa corresponds to the positron lifetime of nano-voids containing of 3-5 vacancies. Our results 

show that the long lifetime increases with neutron irradiation dose as a result of vacancy 

clustering. The positron lifetime spectrum was well fitted by three components for the specimen 

with a higher irradiation dose of 3.0×10
-3 

dpa. The longest lifetime τ3 of 456 ps according to 

interpolated lifetime corresponds to the positron annihilation in nano-voids containing 33 

vacancies. The positron lifetimes in mono- and divacancies are 175 ps and 188 ps, respectively. 

The second lifetime component (τ2 = 177 ps, 57%) can be assigned to a high density of mono- or 

divacancies. This component could not be attributed only to positron annihilation in mono-

vacancy and/or divacancies since they have been mobile at 573 K [14]. Kuramoto et al. [16] 

calculated positron lifetimes of stacking fault tetrahedra (SFT) in nickel. Their results showed 

that positron lifetime decreases with increasing SFT size. The lifetimes of SFT3 (3 vacancies), 

SFT6, SFT10, SFT15, SFT21 and SFT28 were 183, 177, 170, 159, 155 and 130 ps, respectively. 

TEM observations [17] showed that SFTs have been formed in neutron-irradiated nickel at a 

dose above 0.001 dpa.  The second lifetime component equal to (177 ps) is thought to represent 

the average lifetime of the positrons trapped in small SFTs containing from 3 to 10 vacancies. 

 

3.2. Hydrogen charging and isochronal annealing of unirradiated nickel 

In the papers [11, 18, 19] it has been reported that hydrogen charging could induce a 

large range of defects, such as mono-vacancy, vacancy-clusters and dislocations in the lattice of 

metals and alloys. The positron lifetime experimental results from detection of the effects of 

hydrogen charging on an unirradiated nickel specimen are shown in Fig. 1.  
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Fig. 1.  Positron lifetime and its intensity as a function of the electrical hydrogen charging 

time in nickel 

 

The long lifetime spectra have been resolved into two components. The positron lifetime 

increases with hydrogen charging time, while its intensity decreases slightly. The lifetime, τ2, is 

saturated after 9 h of hydrogen charging and maintains a constant value of about 164 ps. In Fig. 2 

is shown the TDS of hydrogen as a function of temperature obtained after 10 h of 

electrochemical hydrogen charging. Our results show that the main hydrogen desorption peak is 

at 423 K.  

 

Fig. 2. Thermal desorption spectrum for electrically hydrogen-charged nickel with a linear 

temperature ramp of 1 K/s. 

 

The hydrogen detrapping energy in the hydrogen-charged nickel specimen determined 

from TDS data is equal to 0.91 eV. This value is comparable to the detrapping energy of 0.98 eV 

for mono-vacancy bound with one hydrogen atom in nickel [20-22]. It is interesting to note that 

recent theoretical calculations based on the atom superposition method [11] and the simulations 

[23] show that the positron lifetime of a nickel mono-vacancy containing one hydrogen was 163 

[11] and 158 ps, respectively. We conclude that the long positron lifetime of 164 ps is 

attributable to the positron annihilation in nickel vacancy bound with one hydrogen atom.   

The results from investigation of the annealing behavior of the hydrogen-charged nickel 

by PALS are shown in Fig. 3. It is seen that the long lifetime increases from 164 to 223 ps, while 

its intensity decreases from 40% to 23%, upon annealing at 373 K in vacuum for 1 h. Our results 

indicate for the first time that nano-voids containing of 3-5 vacancies have been formed by the 

migration of vacancies, induced by the release of hydrogen upon annealing at 373 K.  
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 7 

Fig. 3. Effect of isochronal annealing on the positron lifetime and intensity in hydrogen-charged 

nickel. 

 

This contradicts the previous results [24], which indicate that the activation energy for 

migration of vacancies in nickel (purity: 99.99%, as in our specimens) was 1.25 eV, which 

allows vacancy clustering above 473 K. The vacancies in ultrahigh-purity nickel are mobile at 

300 K, so the clustering of vacancies took place around room temperature [11].  Our results 

could be explained in the following way: Hydrogen charging induces a high density of vacancies 

containing hydrogen at specific sites, such as near grain boundaries and the surface, since 

hydrogen has been introduced from the surface; hydrogen will preferentially diffuse along grain 

boundaries. The formation of nickel hydride can be observed along grain boundaries after 

electrochemical hydrogen charging [25]. At 373 K, hydrogen escapes from nickel vacancies due 

to its low detrapping energy of 0.91 eV (present work) or 0.98 eV [20- 22]. This means that 

nano-voids are formed only by short-range migration. The migration is possible even in 99.99% 

purity nickel. This result shows that in larger nano-voids some hydrogen atoms will remain.  By 

increasing the annealing temperature, the long lifetime τ2 decreases significantly while its 

intensity I2 increases between 423 K and 473 K, which is due to the decomposition of nano-voids 

and subsequent formation of other types of defects. The positron lifetime value of 169 ps at 473 

K corresponds to positron annihilation in SFT10 [17]. Upon further annealing at 573 K, the 

average positron lifetimes are between 113 ps and 117 ps, which indicate the presence of some 

hydrogen-induced defects. These lifetimes correspond to the values observed at edge 

dislocations and jogs on edge dislocations in nickel [11]. 

  

3.3.  Hydrogen charging and annealing of nickel neutron-irradiated to a dose of 1.0×10
-4

 dpa 
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Hydrogen charging and isochronal annealing have been performed on the nickel 

specimen neutron-irradiated to a dose of 1.0×10
-4

 dpa. The duration of hydrogen charging was 3 

h for the first run and 6 h for the second run, respectively. The results are shown in Fig. 4. 

 

Fig. 4. Effects of hydrogen charging and isochronal annealing on (a) long lifetime and (b) short 

lifetime of positrons, and their intensities, in nickel neutron-irradiated at 573 K for 2.5 h 

(irradiation dose: 1.0×10
-4

 dpa). 

 

The lifetimes, τ1 and τ2, decrease due to hydrogen trapping at vacancies and vacancy 

clusters. The longer hydrogen charging indicates a larger reduction in the positron lifetimes. This 

result shows that more hydrogen atoms are trapped in vacancy clusters. If we ignore hydrogen-

induced defects, our calculation indicates that nanovoids of 3-5 vacancies created by neutron 

irradiation absorb at most one hydrogen atom by electrical charging. The intensity of the long 

lifetime increases, which is mainly attributed to the introduction of defects by hydrogen charging. 

Upon isochronal annealing, positron lifetimes increase sharply at 323 K, for instance, τ2 

increases from 208 ps to 224 ps for the second run, while its intensity decreases significantly. 

The significant increase in the long lifetime indicates the escape of hydrogen from vacancies. 

This is confirmed by the value of τ2 at 323 K, which is higher than that before hydrogen charging. 

It is evident that extra vacancy clusters are introduced by the initial annealing after hydrogen 

charging, as in the case of unirradiated nickel. Upon further annealing at higher temperatures, the 

long positron lifetime shows a gradual decrease, reaching a minimum at about 523 K, and then it 

begins to increase. On the other hand, its intensity increases gradually with annealing 

temperature, attaining its maximum value also at about 523 K. The presented results indicate that 

a hydrogen-charged neutron-irradiated nickel specimen contains defects induced by both neutron 

irradiation and hydrogen charging. The long lifetime, τ2, is the positron lifetime of the two 

processes. Yoshiie et al. [26] observed that in neutron-irradiated nickel, voids have been formed 
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 9 

in the matrix, far from the grain boundaries. As mentioned in section 3.2, it is reasonable to 

assume that nano-voids induced by hydrogen charging are mainly concentrated near the surface 

and grain boundaries. These clusters are not stable due to their location and the vacancy-clusters 

are decomposed into vacancies and escape to the surface or to grain boundaries by increasing of 

the annealing temperature to 573, K. This is as in the case of unirradiated nickel. Nano-voids 

induced by neutron irradiation remain in the matrix, however, below the irradiation temperature 

at 573 K. The long positron lifetime τ2 is observed to increase at 573 K, this is attributed to the 

escape of deeply trapped hydrogen atom from nano-voids formed by neutron irradiation in the 

matrix. 

The trapping of positrons in vacancy clusters competes with their annihilation in the bulk. If only 

one type of trap is present, the following kinetic equations from a simple trapping model [27-29] 

describe the annihilation of positrons in the defect-free bulk (nb) and at defects (nd): 

 ( ) bbbb
d

d
nntn

t
κλ −−= ,                              (1) 

( ) bddd
d

d
nntn

t
κλ +−= ,                                   (2) 

where κ is the trapping rate and λb and λd are the annihilation rates in the bulk and at defects, 

respectively. The starting condition at time t = 0 the number of positrons in the bulk and at 

defects are nb (t = 0) = 1 and nd (t = 0) = 0. The solution of the Esq. 1 and 2 could easily be 

obtained. The normalized positron lifetime spectrum n (t) presented the summation of two 

exponential components: 

 )/exp()/exp()( 2211 ττ tItItn −+−= . 

The lifetimes are written as follows: 
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2

1
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1

1

1
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−

−

−

−

=

=

=
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λ

λτ

λ

κλτ

   (3) 

The relative intensities are 

21 1 II −= , 

( ) 1
db2

−
+−= κλλκI .   (4) 

The trapping rate is derived from the above equations as 

( )

( )212

2b
1

2

    λλ

λλκ

−=

−=

I

I

I

   (5) 

The results from trapping rate calculation of positron annihilation in the nano-voids are shown in 

Fig. 5. It is interesting to see from Fig. 5 that in hydrogen charged nickel the trapping rate of 

positrons in the nano-voids increases.  

 

Fig. 5. Effects of hydrogen charging and isochronal annealing on the positron trapping rate in 

nano-voids of nickel neutron-irradiated at 573 K for 2.5 h (irradiation dose: 1.0×10
-4

 dpa). 

 

Although pre-existing vacancy clusters that trap hydrogen decrease the trapping rate, the 

newly formed vacancies near the surface and grain boundaries act effectively with positrons. The 

trapping rate decreases quickly as a result of the initial vacuum annealing at 323 K, due to the 

removal of a number of hydrogen atoms by the formation of vacancies and nano-voids. By 

increasing annealing temperature, the trapping rate shows a significant increase above 473 K and 

reaches a maximum value at about 523 K. This result indicates that trapped hydrogen has been 

released from nano-voids. The complete desorption of hydrogen from nanovoids by annealing at 

573 K and the recovery of vacancy clusters (SFTs) induced by hydrogen charging result in 

slightly higher positron trapping rate than that observed before hydrogen charging. The data 
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indicate the presence of hydrogen-induced defects after hydrogen charging to neutron irradiated 

nickel to the dose of 1.0x10
-4

 dpa.   

 

3.4. Hydrogen charging and annealing of nickel neutron-irradiated to a dose of 3.0×10
-3

 dpa 

    The hydrogen charging and annealing experiments in nickel neutron-irradiated to a dose of 

3.0×10
-3

 dpa have been performed two times. The results obtained were reproducible. The result 

of the second run is shown in Figs. 6(a) and (b). 

 

Fig.  6.  Effects of hydrogen charging and isochronal annealing on (a) positron lifetimes and (b) 

their intensities for nickel neutron-irradiated nickel at 573 K for 75 h (irradiation dose: 3.0×10
-3

 

dpa). The first and second points at 300 K represent hydrogen charging for 6 and 12 h. 

 

The long positron lifetimes, τ2 and τ3, decrease. This is due to hydrogen absorption in neutron-

irradiated nickel. For example, the longer lifetime decreases from 456 ps to 376 and 334 ps after 

hydrogen charging for 6 and 12 h, respectively. The present DFT calculations using LDA show 

that the long positron lifetime of 456 ps in nickel is attributable to positron annihilation in a 

nano-void containing 33 atoms. The nanovoid site is estimated to have a diameter of 0.9 nm 

before relaxation. Nanovoids have not been  observed by TEM under this irradiation condition in 

nickel [17]. The TEM experimental data have been in agreement with the fact, that the smallest 

nanovoids detectable by TEM are typically 2 nm in diameter. The number of hydrogen atoms in 

nano-voids, containing 33 vacancies is estimated to be about 18 and 25 after hydrogen charging 

at current density of 20 mA/cm
2  

for 6 and 12 h, respectively. In Fig. 6(b) is seen that the long 

lifetime intensities increase upon hydrogen absorption at 300 K in neutron-irradiated nickel. The 

increase in intensity I2 we explained by the formation of vacancies containing hydrogen. 

However, the increase in I3 is not attributed to the increase of the nano-void concentration since 
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hydrogen absorption is not expected to increase the nanovoid density. This could be caused by 

the increase in the positron trapping rate in nano-voids due to the strong Coulomb repulsion from 

ion cores and hydrogen atoms trapped at interstitial sites. As has been already mentioned the 

migration energy of interstitial hydrogen is 0.41 eV [21], this fact confirms our result that 

hydrogen easily escapes to the surface and grain boundaries. We should note that interstitial 

hydrogen atoms would persist even at 300 K due to existing of trapping sites such as impurities 

and dislocations in the matrix. Interstitial hydrogen in the matrix of non-irradiated and low dose 

irradiated nickel has not been detected at the formation of vacancies.  In Fig. 6(a) are shown the 

results from isochronal annealing which was conducted after hydrogen charging. The long 

positron lifetimes components are seen to increase gradually upon annealing between 373 and 

623 K. Our results at first show that the intensities decrease upon annealing at 373 K and 623 K 

(I2) or 573 K (I3), as can be seen in Fig. 6(b). 

In the present work the positron trapping rate calculations for different types of defects in 

neutron-irradiated nickel have been performed. Eqs. (1) and (2) are easily expanded by including 

two types of defects with different annihilation rates, λd1 (λ2) and λd2 (λ3). The trapping rates κ1 

and κ2 are given by the following equations: 

( )

( )3132

2121 ,

λλκ

λλκ

−=

−=

I

I
    (6) 

 

Usually, the trapping rate of different type of defect is assumed to be proportional to its density, 

Ci, 

,iii Cµκ =                                                      (7) 

where µi is the specific trapping rate determined by the defect type. The positron trapping rates 

κ1 for SFTs, vacancy, divacancy and κ2 for nano-voids, created by hydrogen charging and 
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neutron irradiated nickel to 3x10
-3

 dpa are shown in Fig. 7. The present results show that the 

trapping rate κ1 is 3 to 4 times higher than κ2.  

 

Fig. 7. Effect of hydrogen charging and isochronal annealing on the positron trapping rate in 

different types of defects in nickel neutron-irradiated at 573 K for 75 h (irradiation dose: 3.0×1
3
 

dpa). 

 

This is can be explained by the higher trapping cross sections of SETs for positrons than nano-

voids trapping of positrons or the concentration of SFTs  is much higher than the nano-voids. We 

found that the positron trapping rates increase due to the of hydrogen charging. The decrease at 

the trapping rate as upon annealing at 373 K is due to the annihilation of interstitial hydrogen. 

Experimental data of Tanabe et al. [30] suggest that, in the case of deuterium-ion-implanted 

nickel, the thermal desorption of deuterium occurred between 503 and 603 K. In their 

experiment, deuterium was trapped by irradiation-induced defects. In the same experiment the 

heating rate was very high. That is why for our experiments we could reasonably conclude that 

the trapped hydrogen atoms in nanovoids of neutron-irradiated nickel undergo complete 

desorption upon isochronal annealing between 473 and 573 K. Our results show that trapping 

rates decrease above 523 K, which corresponds to the desorption of hydrogen in nano-voids. 

Conversely, trapping rates at 573 K are much higher than those observed before hydrogen 

charging. This indicates that in a specimen neutron irradiated  to 3x10
-3 

dpa hydrogen-induced 

defects exist. These defects are completely annihilated by annealing at 623 K. It is noted that, 

during isochronal annealing, the long positron lifetime τ2 of the low dose irradiated specimen 

was greatly influenced by hydrogen charging, while that of the high dose irradiated specimen 

was not affected by hydrogen charging. We consider that there are two possible explanations for 

the results. The first one is that the effect of hydrogen charging on the nucleation of defects is 
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small in the high dose neutron irradiated nickel, because hydrogen is preferentially trapped by 

pre-existing nano-voids rather than creating new vacancies. The other is that positron 

annihilation in the high dose neutron irradiated specimen is predominated by annihilation in 

neutron irradiation induced nanovoids owing to their high trapping rate of positrons.  

 

4.  Conclusion 

Positron lifetime spectroscopy was used to study the electronic structure effects in 

electrochemically hydrogen charged and neutron irradiated nickel. In this study for the first time, 

hydrogen is detected after hydrogen charging in nickel irradiated to different neutron doses. The 

nano-voids in neutron-irradiated nickel are active positron traps. If they are once bound with 

hydrogen, they become less effective in the trapping of positrons. The recently developed CDB 

technique has a possibility to detect the amount of hydrogen in nano-voids. By combining the 

positron lifetime and CDB measurements, we may estimate the size of nano-voids and the 

number of gas atoms in them without distortion and heating of the specimen. The combined 

techniques used could be applied for estimation of the degradation of candidate nuclear materials 

for nuclear fusion and fission reactors. The positron lifetimes in neutron-irradiated nickel were 

shortened by electrically hydrogen charging due to hydrogen trapping in the nano-voids. It was 

established that the positron-trapping rate in small size nano-voids was 3 to 4 times higher than 

that in the larger size nano-voids.  
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Table 1. Positron annihilation lifetimes and their intensities for well-annealed nickel and 

neutron-irradiated nickel. 

 

 

 

 

 

 

 

 

 

 

 

 

Neutron irradiation at 573 K 

Dose (dpa) / time  

τ1 

(ps) 

I1 

(%) 

τ2 

(ps) 

I2 

(%) 

τ3 

(ps) 

I3 

(%) 

0 / 0 

6.7×10
-6 

/ 10 min  

4.0×10
-5 

/ 1 h 

1.0×10
-4 

/  2.5 h 

3.0×10
-3 

/ 75 h 

110 ± 1 

77 ± 2 

89 ± 2 

92 ± 3 

68 ± 2 

100 

52 ± 0.9 

79 ± 1.1 

62 ± 1.2 

31 ± 0.5 

 

187 ± 4 

206 ± 3 

221 ± 4 

177 ± 3 

 

48 ± 0.9 

21 ± 0.6 

37 ± 0.8 

57 ± 1.1 

 

 

 

 

456±12 

 

 

 

 

12 ± 1.3 
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Figure captions 

 

Fig. 1.  Positron lifetime and its intensity as a function of the electrical hydrogen charging time 

in nickel.   

 

Fig. 2. Thermal desorption spectrum for electrically hydrogen-charged nickel with a linear 

temperature ramp of 1 K/s. 

 

Fig. 3. Effect of isochronal annealing on the positron lifetime and intensity in hydrogen-charged 

nickel. 

 

Fig. 4. Effects of hydrogen charging and isochronal annealing on (a) long lifetime and (b) short 

lifetime of positrons, and their intensities, in nickel neutron-irradiated at 573 K for 2.5 h 

(irradiation dose: 1.0×10
-4

 dpa). 

 

Fig. 5. Effects of hydrogen charging and isochronal annealing on the positron trapping rate in 

nano-voids of nickel neutron-irradiated at 573 K for 2.5 h (irradiation dose: 1.0×10
-4

 dpa). 

 

Fig.  6.  Effects of hydrogen charging and isochronal annealing on (a) positron lifetimes and (b) 

their intensities for nickel neutron-irradiated nickel at 573 K for 75 h (irradiation dose: 3.0×10
-3

 

dpa). The first and second points at 300 K represent hydrogen charging for 6 and 12 h. 

 

Fig. 7. Effect of hydrogen charging and isochronal annealing on the positron trapping rate in 

different types of defects in nickel neutron-irradiated at 573 K for 75 h (irradiation dose: 3.0×1
3
 

dpa). 
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Fig. 1.  Effect of electrical hydrogen charging on positron lifetime and intensity in nickel. 
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Fig. 2. Thermal desorption spectrum for electrically hydrogen-charged nickel with a linear 

temperature ramp of 1 K/s. 
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Fig. 3.  Effect of isochronal annealing on the positron lifetime and intensity in hydrogen-charged 

nickel. 
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Fig. 4. Effects of hydrogen charging and isochronal annealing on (a) long lifetime and (b) short 

lifetime of positrons, and their intensities, in nickel neutron-irradiated at 573 K for 2.5 h 

(irradiation dose: 1.0×10
-4

 dpa). 
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Fig. 5. Effects of hydrogen charging and isochronal annealing on the positron trapping rate in 

nano-voids of nickel neutron-irradiated at 573 K for 2.5 h (irradiation dose: 1.0×10
-4

 dpa). 
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(a) 

 

 

 

 

 

 

 

 

 

 

(b) 

Fig. 6.  Effects of hydrogen charging and isochronal annealing on (a) positron lifetimes and (b) 

their intensities for nickel neutron-irradiated nickel at 573 K for 75 h (irradiation dose: 3.0×10
-3

 

dpa). The first and second points at 300 K represent hydrogen charging for 6 and 12 h.  
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Fig. 7. Effect of hydrogen charging and isochronal annealing on the positron trapping rate in 

different types of defects in nickel neutron-irradiated at 573 K for 75 h (irradiation dose: 3.0×10
-

3
 dpa). 
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Table 1. Positron annihilation lifetimes and their intensities for well-annealed nickel and 

neutron-irradiated nickel. 

 

 

Neutron irradiation at 573 K 

Dose (dpa) / time  
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(%) 
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0 / 0 

6.7×10
-6 

/ 10 min  

4.0×10
-5 

/ 1 h 

1.0×10
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/  2.5 h 

3.0×10
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/ 75 h 

110 ± 1 

77 ± 2 

89 ± 2 

92 ± 3 

68 ± 2 

100 

52 ± 0.9 

79 ± 1.1 

62 ± 1.2 

31 ± 0.5 

 

187 ± 4 

206 ± 3 
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