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PROTON-IRRADIATED RADIATION DAMAGE ABILITY PECULIARITIES 

OF THE STAINLESS STEEL AND REFRACTORY METALS 

 
Abstract: In this work we have performed a systematical investigation of energy dependence 

of the radiation defects distribution profile in three different materials – tantalum, molybdenum 

and stainless steel of type 10Х18Н10Т–VD irradiated by high energy protons. It has been shown 

that in the stainless steel and tantalum, regardless of proton energy, the vacancy complexes similar 

by configuration appear which are described by the slightly expressed elastic channel.. At the 

same time the molybdenum radiation damageability consists of two components in each of which 

exists its own mechanism of defects formation. 

Keywords: positrons, annihilation, tantalum, molybdenum, steel, protons, point de- 

fects, vacancy complex. 
 

Introduction 

It is known that the effects of nuclear radi- 

ation on a matter is accompanied by a number of 

new phenomena [1-4]. The most important 

among them are nuclear reactions and a change 

associated with them in the elemental composi- 

tion, formation and the emergence of clusters of 

point defects, damage to the matrix caused by 

cascade atom – atom collisions, etc., and as a re- 

sult, disturbance in the integrity of the crystal. In 

order to learn the phenomena related to the 

changes in the material’s crystal structure in the 

active zone of the reactor, it often suffices to con- 

duct simulation experiments at the accelerators 

of charged particles. At the same time a quite im- 

portant task is to study the profile of the defect 

distribution along the depth of the damaged 

the atoms’ polarization of the medium, the radi- 

ation losses and nuclear stopping, whose role in 

the formation of structural defects may be differ- 

ent. Consequently, the profile of the defect dis- 

tribution in the depth may also be different, the 

location of which depends on the type and pa- 

rameters of the bombarding particles of the target 

material, and the irradiation temperature. In this 

regard, experimentally obtained parameters of 

the defect structure may differ considerably from 

those calculated theoretically. 

The average path traveled by a charged 

particle in matter to a full stop is called its range 

R. The latter depends on the particle energy and 

the properties of the target’s material. The range 

of the particle is usually expressed through the 

length of the path, d and density of the material: 
layer. In the past, a computer program was de- R  d   [g  cm2 ] (1) 
veloped for this purpose on the basis of theoreti- 

cal research in order to calculate the profile of 

the displaced atoms by the depth of passing of 

heavy ions in the material [5]. But any computer 

program, regardless of how universal it is, yet 

cannot take into account all aspects of the com- 

plex process of interaction of charged particles 

with the real crystal lattice, furthermore, it can- 

not be acceptable in situations when the object of 

study is multicomponent alloys. 

Charged particles lose energy when mov- 

To estimate the interaction of particles 

with the matter in the reference books we can 

find the following: particles energy – Е in the lab 

coordinates and expressed in MeV’s; particle 

ranges R(E) , expressed in q  см 
2 

; stopping 

power SЕ in MeV  см-2   g 2 
; derivatives of 

stopping power by energy  DЕ, used as a cor- 

rection factor [6,7]. In order to calculate the 

range of a particle whose energy lies between the 

tabular data, one has to use the formula: 
ing in the matter. Energy losses of the incident 
particle can occur by various ways, including 

ionization and excitation of the electron shells, 
R(E)E)  R(E) 

E 



S(E) 

2 

 D(E), (2) 
1 E 

2 S(E) 
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where Е is the nearest table value of energy. On 

the contrary, for the calculation of energy corre- 

sponding to range, the value of which lies be- 

tween the values in the table, you can use the for- 

mula: 

E(R  R)  E(R)  S(E)  R  
1 

S3 (E)  D(E)  (R)2 (3) 
2 

To find intermediate values of SЕ, which  are 

absent in the table, a linear interpolation relation- 

ship is used: 

energy of protons Ei    si Ехi  ; the mean en- 

ergy of the protons on the other side of each foil 

will be.Consequently, each successive foil is ir- 

radiated with protons of different energies. If one 

studies the degree of damage, its energy depend- 

ence can be established. Irradiation was carried 

out by protons flow1,2 1013 см2с1 
up to 

2 10
17 

см
2 

fluence. 

The main research tool in this case is the 

o od. 
ods 

where S(Е) is the closest value of the stopping 

power.  Similarly,  an   intermediate   value  

D(Е  Е) , which is not listed in the table, can 

be found by the relation: 

of studying the state of the condensed medium, 

the method of electron-positron annihilation is a 

very sensitive tool to various kinds of damages 

of crystal structure. Spectrum shape of the angu- 

), 

n - 

Under these conditions, the accuracy of calcula- 

tion of the tabulated data is ~ 1%. 

 

Experimental 

Because the passage of charged particles in 

the matter is accompanied by its successive en- 

ergy losses, the study of the defect distribution 

profile by depth is, in principle, a task of study- 

ing the energy dependence of metal radiation 

damageability. One way to solve this problem is 

to study metal defect structure by sequential 

etching of the surface. From the other hand, you 

can solve it on the basis of variable thickness of 

the absorber method. Obviously the most ac- 

ceptable way to solve it is the latter, non-destruc- 

tive method of research, the essence of which is 

to irradiate by the charged particles of high en- 

ergy and studying the stack of foils, the total 

thickness of which is greater than the mean free 

path of the particles in the material. By using 

such a technique, each foil is irradiated by parti- 

cles of different energy and contains the respec- 

tive structural damages typical for a given depth 

of the material. As the test objects we used poly- 

crystalline Mo and Ta, and stainless steel-VD 

10H18N10T as a foil with a thickness of 100 µm 

and a diameter of 17 mm each. The initial state 

of the metals achieved by annealing at T = 

1200С and for steel the temperature was at 

1050С for 1.5 hours in a vacuum of 10-5Pa. The 

trons of the material, changes significantly at lo- 

calization of positrons near the defects in the 

crystal lattice, as well as from the atomic envi- 

ronment of defective regions. Slow positrons 

also react to the change of the structure’s order. 

Therefore positron probe is an ideal tool for stud- 

ying electronic states of the metallic materials lo- 

cal microregions [8-10]. 

The study of structural defects of materials 

was performed by the spectrometer with a linear- 
slit geometry with an angular resolution of 0.5 

mrad. As a positrons source we used the isotope 
22Na with 10 mCi activity. The measurement of 
ADAP spectrum allows to determine the relative 

contribution to the annihilation of positrons pro- 

cess with the conduction electrons and ion core 
electrons. To this effect, we experimentally 

measures the intensity of the annihilation gamma 
rays as the dependence of counting rate of pulses 

that are coincident in time of 2 photons, which 
are detected by opposing detectors on the dis- 

placement angle of the movable detector . 
ADAP spectra measured for different states of 
the material, are normalized to a single space. It 

is not difficult to establish that the spectrum for 

the defective material has a higher intensity at 
the maximum and the narrow width at half max- 

imum (see Fig 1). 

thickness of each foil d defines a path element 

xi  di  , on which there happens a loss of 

S(E  E)  S(E)  D(E)  E, (4) 
electron-positr 
Being one of th 

n annihilation (EPA) meth 
e major nuclear-physical 

(4)
 meth 

 

D(E  E)   D(E)  
D 

 E, 
lar distributio

 

E (5) 
caused  by an 

n of annihilation photons (ADAP 

ihilation of positrons with(5e)lec 
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Figure 1 - Experimental ADAP spectra: 

1 - for annealed materials; 2- for irradiated ma- 

terials 

 

Results and discussion 

To interpret the results of studies used the 

following structure-sensitive annihilation pa- 

rameters: F – positron annihilation probability 

redistribution between the conduction electrons 

and bound electrons, as well as its corresponding 

steel radiation damageability is carried in the low 

energy protons, which experience the elastic col- 

lisions with steel components atoms. 

 

Table 1. - Parameters of steel annihilation by the 

depth of protons passage 
 

 

(Q  2 10
17 

см 
2 
 protons fluence ; 

Ep  current value of protonenergy ) 

increment F relative to values for the initial 
state, is that are recovered by processing the 

spectrum of the angular correlation of annihila- 

tion radiation [8]. The results of studying stain- 

less steel according to these conditions by the an- 

nihilation parameters change data are summa- 

rized in Table 1. 

High energy protons irradiation is changes con- 

siderably the spectrum’s shape of annihilation 

photons angular distribution. The spectrum be- 

comes narrower in half-width and maximal in- 

tensity raises caused by the redistribution of pos- 

itrons annihilation probability with conduction 

and ion core electrons. These factors are visible 

in annihilation parameters change. If for an- 

nealed sample the value F  0,15 , then after ir- 

radiation it increases almost as twice as much. 

The spectrum half-width (FWHM) for the initial 

state is equal to 6.1mrad. The protons irradiation 

reduces it in average down to 5.6mrad. In spite 

of the considerable changes in the parameters, 

the evident regularity between them and protons’ 

energy in this case is not visible. 

Though, the certain tendency in the annihi- 

lation parameters behavior yet can be estab- 

lished. Thus, for example, the average value of 

the positrons annihilation relative probability 

with particles energy increase steadily decreases. 

This can testify that the main contribution in the 

 
Therefore we can assume that the struc- 

tural damages arising meanwhile in the steel 

samples are not much different between each 

other both by configuration and by positrons cap- 

ture efficiency and correspond to the traps of one 

type. The latter is confirmed by the shape of 

isochronal annealing curves from the stack of the 

samples    irradiated    by    different    energy 

Eр  29,5 13,2 MeV protons (Fig.2). At pro- 

tons energy the materials basic properties recov- 

ery endse in the temperature range Eр  6 MeV 

350-600С and at – in the range of 250 – 550С, 

that is existence of a certain relationship between 

protons energy and defects annealing tempera- 

ture is evident. 

Apparently of the defects migration activa- 

tion energy value, irradiation by high energy pro- 

tons causes the dislocation loops with . It is evi- 

dent that in the low energy protons case the va- 

cancy complexes as a small subcascades or con- 

nected vacancy-impurity complexes with are 

created. The most likely is the formation of con- 

nected vacancy-Cr atom state whose decomposi- 

tion at annealing is trickier than that of others [9]. 
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1. ЕР = 4.6 MeV; 2. ЕР = 31.2 MeV; 
3. ЕР = 23.1 MeV; 4. ЕР = 29.5 MeV 

Figure 2 - The energy dependence by protons 

irradiated 10Х18Н10Т – ВД steel annealing ki- 

netics 

 

Unlike stainless steel, the polycrystalline 

tantalum irradiation at the same conditions leads 

to some characteristic changes in the annihilation 

parameters. It is very difficult to define a spec- 

trum parabolic component for this metal in con- 

sequence of insignificant portion of free charge 

carriers. Therefore, the basic equivalent (instead 

of F) parameter is the ratio between the counting 
rate in the maximum of spectrum    to its 

isochronal annealing of individual samples from 

the stack irradiated by different energy protons 

(Fig.3b). 

One can see that the sample irradiated by 

low energy protons is recover in one stage in the 

temperature range of 250 – 600С with curve 

amplitude ~15 % (curve 1), whereas at high en- 

ergy irradiation the structure damages in Ta 

emerge with two recovery stages (curves 2,3). 
 

Figure 3 - The energy dependence of damagea- 

bility (а) and annealing kinetics (б) of Ta, irra- 

diated by protons with 30 MeV initial energy: 
1. ЕР = 6 MeV; 2. ЕР = 25 MeV; 

3. ЕР = 30 MeV. 

 

And with particles energy decreasing from 

30MeV to 25MeV the beginning of the point de- 

fects migration is shifted sideways towards 

lower temperatures with simultaneous increase 

value at the angle   8 mrad, that is f  
N 0 

.
 

N 8
in portion of vacancy defects. This confirms the 

decisive contribution of elastic interactions in the 

The dependence of this parameter on protons en- 

ergy is given in Fig.3a. The maximal spectrum 

narrowing, as well as considerable increase of 

process of defect formation. So, at protons irra- 

diation with Е  30 MeV the vacancy stage por- 

tion makes up 41% from the damages common 

the parameter f  
N 0 

is observed at low ener- 

N 8

level. However, with energy decreasing to up to 
25MeV it increases to up to 47%. Meanwhile the 

recovery second stage gets more relief appear- 
gies  5  8 MeV . With particles energy increase 

these parameters possess a steadily increasing or 

decreasing pattern. 

Such changes in parameters, which char- 

acterize the spectrum shape, are possible only at 

corresponding changes of capture efficiency of 

positrons by defects, created by protons. As far 

as the effectivenessmaximum corresponds to 

low energy protons, then we can suppose that the 

largest damageability tantalum is suffered conse- 

quently of elastic interactions. The nuclear reac- 

tions influence activated by inelastic interactions 

in the high energy region in this case is negligi- 

ble. The actual picture of the structure damages 

in tantalum is can be determined as a result of 

ance than in the first case. The migration activa- 

tion energy’s mean value for vacancy compo- 

nents is equal to, and for dislocation and more 

complicated components, which are annealed 

during the second stage – . 

Still large interest in these experiments is 

presented by the study results of damageability 

distribution profiles of molybdenum, irradiated 

at the same conditions. For molybdenum in the 

annealed state, the annihilate photons angular 

distribution is approximated by one Gaussian, as 

far as the probing positrons are annihilated basi- 

cally with ion core electrons. As a result, it be- 

comes difficult to identify a parabolic compo- 

nent in the spectrum. But as a result of protons 



Журнал проблем эволюции открытых систем 

45 Вып.18 Т1. 2016 

 

 

irradiation, the emerging structure damages ena- 

ble the parabolic component responsible for pos- 

itrons annihilation with free charge carriers to 

appear in the spectrum. Meanwhile the energy 

dependence of the relative annihilation probabil- 

ity F    
S р   

have  a  more  complicated  and non 

Sg 

monotonic nature (Fig.4). After certain energetic 

region 5 - 10 MeV in such the relative probability 

F is stay constant, in the sequel it is sharply de- 

creased and achieve the minimum at about 18 - 

20 MeV is increasing again up to ЕР= 30 MeV. 

Such annihilation parameter dependence is can 

be activated by the appropriate defects distribu- 

tion profile which is determine the defects both 

concentration and configuration along the trajec- 

tory of charged particles in matter. 
 

Figure 4 - The energy dependence of the Мо 

damageability irradiated by protons, with initial 

energy 30 MeV. 

 

The probable reason of such dependence is 

can be difference in contribution in the process 

of radiation defects generation of the elastic in- 

teractions at energies and subcascade regions 

formation at on the one hand, and also the nu- 

clear reactions specified role on the other hand. 

But in both cases the defects structure must be of 

vacancy, which is revealed by isochronal anneal- 

ing results. Regardless of energy, as a result of 

the proton irradiation there emerge the vacancy 

complexes in Mo and in the annealing tempera- 

ture range below 800С only one incomplete re- 

turnstage has been observed. Meanwhile, as the 

proton energy increases the defects migration 

temperature threshold is gradually shifts towards 

higher temperatures ranges – from 300 – 350С 

to up to 450 – 500С, which testifies emergence 

of more stable in terms of temperature defects in 

the metal. In [12], it is stated that the full anneal- 

ing of Mo irradiated by protons is completed at 

approximate temperatures of 300 – 320С. But 

this temperature is considerablye lower than Mo 

recrystallization temperature, and this gives rise 

to a doubt in the above mentioned conclusion in 

[13]. However, annealing temperature that was 

reached in this investigation (850С) is also not 

sufficient for a completion of even the first stage 

of recovery (III-stage), whereas according to 

[13] the recrystallization temperature of Mo is 

higher than 1000С. 

 

Conclusion 

Thus, investigation of the defects distribu- 

tion profiles by charged particles passing depth 

in three different materials has shown that in the 

stainless steel and Ta, regardless of protons en- 

ergy, there appear configuration vacancy com- 

plexes similar by configuration, which are recov- 

erable in one annealing stage with migration ac- 

tivation energy . The total damageability of 

stainless steel and Ta in the whole range of pro- 

tons energy is formed basically by one low-grade 

elastic channel, whereas for molybdenum it is 

created from two components in each of which 

its defined mechanism of defects formation is in 

place. If for high energy protons, the inelastic 

channel of interactions and subcascades appear- 

ing are the basic, then for low energy protons the 

elastic interactions with lattice atoms and va- 

cancy complexes and atomic hydrogen for- 

mation in the end of run are of high importance. 

The probable cause of such difference in radia- 

tion damageability of Mo and Ta polycrystals is 

the appreciable difference in atomic masses of 

these elements. Almost two timesexcess of Ta 

atomic mass over atomic mass of Mo is evi- 

dently the reason of implicitly expressed dam- 

ageability at the expense of inelastic channel, sit- 

uated below the response limit of the testing 

method. The basic mechanism of the radiation 

defects formation in stainless steel and Ta are ev- 

idently expressed elastic interactions. The role of 

nuclear reactions in the structure damages crea- 

tion is weakly expressed in this case. The defects 

created by low energy protons are annealed in 

one stage, whereas high energy particles influ- 

ence causes emergence of the radiation defects, 

which are of vacancy and dislocation nature and 

recover in two stages. 
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ТОТ БАСПАЙТЫН ҚҰРЫШ ЖӘНЕ БАЯУ БАЛҚИТЫН МЕТАЛДА ЖОҒАРЫ 

ЭНЕРГИЛЫ ПРОТОНДАР СӘУЛЕЛЕНУІНЕН ТУЫНДАЙТЫН РАДИАЦИЯЛЫҚ 

АҚАУЛАРДЫҢ ЕРЕКШЕЛІКТЕРІ 

 

Түйін: Жұмыста тантал, молибден және 10Х18Н10Т–ВД маркалы болатты жоғары 

энергилы протондармен сәулелендірудің нәтижесінде туындайтын радиациялық ақаулардың 

энергетикалық тәуелділігін зерттеу нәтижелері талқыланады. Болат пен танталда 

туындайтын ақаулардың тегі протонның энергиясына тәуелсіз, серпімді канал арқылы орын 

алатын ақаулар кешені екндігі көрсетілген. Молибден үшін радиациялық ақаулардың тегі екі 

құраушыларға, әрқайсысында өзіндік сипаттағы механизмдер әсер ететін процесске 

жіктеледі. 

Кілттік сөздер: позитрондар, аннигиляция, тантал, молибден, болат, протондар, 

нүктелік ақаулар, вакансиялық кешендер. 
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ОСОБЕННОСТИ РАДИАЦИОННЫХ ДЕФЕКТОВ 

НЕРЖАВЕЮЩЕЙ СТАЛИ И ТУГОПЛАВКИХ МЕТАЛЛОВ 

 

Аннотация: В работе выполнено систематическое исследование энергетической зависи- 

мости профиля распределения радиационных дефектов в трех различных материалах - тан- 

тале, молибдене и нержавеющей стали марки 10Х18Н10Т–ВД, подверженных облучению про- 

тонами высокой энергии. Было показано, что в нержавеющей стали и Та, независимо от энер- 

гии протонов, возникают близкие по конфигурации вакансионные комплексы, описывамые 

слабо выраженным упругим каналом. В то же время для молибдена радиационная поврежда- 

емость складывается из двух компонентов, в каждом из которых действует свой определенный 

механизм образования дефектов. 

Ключевые слова: позитроны аннигиляция, тантал, молибден, сталь, протоны, точечные 

дефекты, комплексы вакансий. 
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