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DISPLACEMENT CASCADES 1IN POLYATOMIC MATERTALS*
Don M. Parkin and C. Alton Coulter

Los Alamos National Laboratory
Los Alamos, N. M. 87545

Using a continuous-slowing-down, ‘random amorrhous material model,
we have studied displacement c;scades in a number of diatomic
materials. This paper reviews a number of previous results that
elucidate the effects of atomic mass, recoll energy, displacement
energy, capture energy and material stoichiometry on therﬁumbers
of displacements in a cascade. The displacement cascade reveals a
complex structure that is dependent on the type of irradiation and

the material properties. Conclusions related to damage analysis

for fusion reactors are given.

*Work performed nnder the ausplees of the U. S, Deparvtment  of

Fnergy.



1. Introduction
The aspects of radiation damage analysis required for fusion
“reactor applications go beyond those encountered for fission

reactors. In addition the range of neutron spectra, including 14
MeV neutrons, for which damage effects must be known, the class of
materials that will be exposed to intense irradiation environments
is much broader. Reactor concepts call for the use of structural
alloys, structural and insulating ceramics, high temperature
alloys, electrical conductors, organic insulators, and ‘ordered
alloys such as superconductors to be exposed to materials-limiting
exposures. Although a great body of information is available on
radiation effects 1in simple metals and important structural
alloys, the picture of radiation effects 1n other materials in
general is much less well understood.

When the basic problem of describing the displacement
cascade 1n macterial such as ceramics and ordered alloys 1is
considered, one finds that the thcory dcvelgpcd for simple metals
must b> expanded. Factors that must now be considered include
nenmetallic bonding, stocibiometry, new types of defects, mass
effects, and multiple displacement thrersholds.

In ¢« sceries of papers we have fuvestignted the nature of
displacement cascades n polyatomic materials [1-4], fncluding the
specinl  came  of wonatomic materials [5], using a continu-
ous -tlowing-down, vandom amorphons material model after the work
of Lindhard ot al. |6-8]. For most materials of fntervent, wmany

relevint miteriala parameters, mich ay the  dispracement



thrasholds, are not known; however, by doing a parametric study
the important features of the displacement cascade can be elucidated.

In this paper we review a number of the important charac-
.teristics of the displacement cagFade in polyatomic materials and
discuss the implications for damage analysis of fusion reactors.
The calculations presented are limited to the case of diatomic
materials.

2. Equations for the net displaccment function and the spec-
jfied-projectile displzcement function

Two functions that are uceful in describing displacement
cascades in polyatomic materials are the net displacement func-

tion, (E), and the specified-projectile displacement function,

gij
pijk(E)' gij(E) is the average number of type-j atoms displaced
and not recaptured in subscquent recplacement collisions in a
displacement cascade initiated by a PKA of type i and energy E,
and 1s annlogous to the standard Kinchin-Pease result for

monatomic materinls. (E) 1s the :sverage nnmber of type-k

Pijk
atoms which are displaced from their sites by type-j atoms in a
displacement cascade ifnitinted by a PKA of type-1 and cnergy FE,

and deacribes the specific collision events that produce

displacements. Kquations for P':lj (F) and p”k(E) are,
respect fvely,
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The reader 1is referred to refereaces [2] and [4] for a complete
discussion of equations 1 and 2.

Beyond the values of Z and A for cach elcment, the specific
material propercies are included via the atomic fraction f!.' the
displacement probability p(T) and the trapping probabﬂity'lﬂ‘(E).

In all calcnlations sharp-threshold approximations of p and A:U;'
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were used,  llere Kg ds the avevape displacement threshold far

type-2 atoms, and l':([.;ll,;, fu the average captnre eneryy below which a

type-! atom will be trapped In a vacated type-? wite. In addi-

oeap Kl
tian, 1t wan always manoned that I'.” - h‘l which corvenpondn te

the Kinchin Peace model for 1ike atom collisions,



The eftects of crystal structure, the nature of bonding, and
the significance of type-i and type-j ntom sites are approximated
“in the model calculations by appropriate choices of the parameters

e and E:;p . In ionic crystals, for example, Ei:p for 1 # J 1s

most likely very small or zero. " In ordered alloys a disordering

replacement is a defect, whereas in a solution alloy it 1s not.

Further, in these two cases it is probable that Ei;p ~ Eg.

In discussing the results we have adcpted the notation

12 21 2

the assump“ion Effp - Ef describes the parameters used in any

AxBy(Ei?p , ECaP gcap E:zap ). This expression coupl'e‘d with

calculation.

It 18 useful in Investigating the properties of gij(E) to
define a set of displacement efficiencies kij by the relations

- = d ._
Byy ™ gy *Byy = 6yy 4 kyy £y V/E (3

- d .
kyy = Eqy EJ/EN,L ()

where vy is the damage cnergy for type-i «toms in the material
[2].

The specific collision events that produce displaccements are
deseribed by pijk(E)° The displacing atom fraction Rijk,which is
the friction of the totxl number of type-k displacements that are

produced by type--} atoms in a cascade initiated by a PKA of type 4,

-~ -1
Rijk ™ Pryie [L Py ek ] . (5)

)



3. Discussion
3.1 Mass Ratio and Recoil Energy

Two important properties of ki and hence gij' are

JD
shoun by the results for Mg0(62,00,00,62) 1in Fig. 1 and
Ta0(60,60,60,60) in Fig. 2. The results for MgO, a material with

MIIHZ ~1, show that ki is a strong function of energy from

3
threshold to the keV energy range and then is roughly constant for
all higher energies, a cresult similar to that for monatomic
materials [5). Furthermore, the values of kij above a few keV are
similar to each other, but with kif-kiz. The Ta0 results
deminstrate the behavior for a material with M1/M2>>1. The same

qualitative behavior is seen as or MgO, but with ki only becoming

3
roughly constant aftter about 100 keV, and with ku>> kiZ' The
genrral observation is that in the threshold region, Region 1, kij

is a strong function of cnergy; that is, is not proportional

g
to damage cncergy. Tn the damage cnergy region, Region 2, kij is
roughly constant, with gij= vy .

These results show vhat the nature of the displacement
cascade 18 a funcrion of both mutevinl type and recofl energy. In
materfals whose mass ratio 1s near one (type-1 material) the
nmber  of  diuplecements 48 o proximately »sropartlonal to the
damnge cuergy for recoll energles vesnlting from flasfon and
fuston nentron Ivadiatton,  This is net the cane for Type-2
mterfala, oner vhotne mass ratdo e tar from one.  Nere the mmber

of displacements I8 proportional to the dumage cnergy only for

1 MeV neutron frradiat lons.



3.2 Stoichiometry
Two important factors 1in describing damage 1in
“polyatomic materials are the stoichiometry of the material and :the

stoichiometry of the displacement cascade. Our results show that

the stoichiometry of the cascade 1s a function of materials

property and recoil energy. To examine this behavior, let us

ERiS

1 f
2

consider the following ratio.

841 = [kil].
£ = — 22
.
&y
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The term [fl/le is just the concentration ratio for the material;
and 1f the product of the terms in kij and Eg is one, then the
cascade is stoichiometrie. If the prnduct 1s not equal to one,
ther there will be more net displacements on one sublattice than
the other.

The values of the displacement thresholds in materials
other than simple metals are not well knvwn; Measurements in MgO
have yielded results of 60 eV [9] and 69 eV [10] for both Mg and O
and 57 eV hus been measured for Zn and O in Zn0 [11] . 1In A1203 a
value of 18 eV for Al aud 75 eV for O has been reported [12], and
40 and 20 eV thresholds have been reported for U and O,
respectively, in "02 [13]. Alcheugh it is believed that the most
physically rasonable situation {is for very similar threshold
vilues for the two atom types, the reported values for A1203 and
Ug, indicate the strong role kd may play in determining cascade

2 3

stofchlometry.



The final term to be considered is [killkiz]. Selected
values of [kil/ki?] at 107 eV are given in Table 1, which are

"representative of k,, in Region-2. (Also see Figs. 1 and 2.) The

14
“results show that [killkizl 71 {P materials for which MI/MZ # 1.
That 1is, the displacement cascade in polyatomic materials 1s not
in general stoichiometric even for equal displacement thresholds.
For the equal threshcld case, in Type-1 materials like MgO or

A1,0,, the deviation is 7-10Z. For Type-2 materials like TaO, it

3!
Under conditions of unequal displacement thresholds in

Type-1 materials the capture energy can effect the cascade

stoichiometry. The Al,0, calcularions show a change of 452

23
betwean Ef;P = 0 and E;?p = 45 eV. This does not occur in

Type-2 materials, since capture dces not occur or is unimportaat
for kinematic reasons [3].

The general conclusion is that the stoichiometry of the
displacement cascade deviates from that of fhe host material, and
that this deviation is a function of tk= threshold energies, mass
ratio, capture energy, uand recoil energy.

3.3 Specified-Projectile Displacement Function

The net displacement function describes the final

gij
condition of the cascade in our model, and its properties reflect
the underlying displacement processes. These processes arc poorly
understood 1in  polyatomic materials. The specified-projectile
displacement function characterlzes the di- placement event by not

only giving the displaced atom type but also the type of atom that

displaces 1t.



The displacing atom fraction Rijk calculated for the case
Mg0(62,62,62,62) 1is given in Figs. 3 and 4. For this Type-l
“material the majority of displacing atoms are of the same type as
.the PKA. The results for Ta0(60,60,60,60), a Type-2 m~terial,
are given in Figs. 5 and 6. The high-mass-atom sublattice plays
the dominant role in producing displacements and, as ~an be seer
in Fig. 6, at high energy it 1is even more important than the PKa
sublattice. In all cases Rijk becomes roughly constant only
above 105 eV. The general conclusion 1is that the microscopic
nature of the displacement processes in the cascade 1s dependent
on the recoil energy and the material type. The recoil energy
dependence shows that the displacement processes are changing over
the entire range relevant to fusion neutron spectra.
4, Summary
The displacement r.ascade in polyatomic (diatomic) materials
reveals a complex structure that depends upon the type of irra-
diation and the properties of the materiai. The net number of
displacements was found to be proportional to the damage energy
for recoll energies above a few keV for Type-1 materials and
above ~105 eV for Type-2 materials. The stoichicumetry of the
displacements 1in the cascade differs from that of the irradiated
material under all conditions studied. Finally, the specific
collision events that produce displacements vary with recoil
energy. These tactors must be considered in evaluating radiation

effects data in polyatomic materials for fusion reactor applica-

tions.
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Figure Captions

of the displacement efficiencies ki as functions of

. ]
for the material Mg0 (62,00,00,62).

of the displacement efficiencies ki as functions cof

]
for the material Ta0(60,60,60,60).

of Rlij ag functions of energy for the material
62,62,62).
of RZij ags functions of energy for the material
62,62,62).
of Rlij as funct'ons of energy for the waterial
60,60,60) .
of Rzij as functions of energy for the material
60,60,60).



MgO0
(62,00,00,62)

(62,62,62,62)

A1203
(18,00,00,72)
(18,45,45,72)

(60,69,60,60)

Zn0
(60,00,00,60)

(60,60,60,60)

Tal

(60,60,60,60)

Table 1

.y
Values of [kil/kizl at i0" eV

[kyy /%y ,]

]

.07

.02
.47

.09

.24

.24

.61

1.08

[k

217%25]

1.09



