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PKA distributions: contributions from transmutation
products and from radioactive decay

M. R. Gilberf*, J.-Ch. Sublét

aCulham Centre of Fusion Energy, Culham Science Centre, Abingdon, OX14 3DB, UK

Abstract

The neutrons generated in fusion plasmas interact withnateria nuclear reac-
tions. The resulting transmutations and atomic displacesnigave life-limiting con-
sequences for fusion reactor components. A detailed utaheling of the production,
evolution and material consequences of the damage creptbbades of atomic dis-
placements requires, as a vital primary input, a compleserifgtion of the energy-
spectrum of initial (prompt) atomic displacement everttg (rimary knock on atoms
or PKAs) produced by direct neutron nuclear interactionser€ is also the possibil-
ity that the radionuclides produced under transmutatidhaseate further PKAs as
they decay, and so the rate of these must also be quantifiad.p@per presents the
latest results from the analysis of PKA spectra under neutradiation, focussing
particularly on the variation in PKA distributions due toeetges in composition under
transmutation, but also on the PKA contributions from raditve decay of materials
that become activated under irradiation.

Keywords: radiation damage quantification, primary knock-on atonksA$), nuclear
data processing, neutron irradiation, recoil energy spetctradioactive-decay recoils

1. Introduction

Itis well established that the neutrons generated by fugiacations in the plasma of
experimental devices and in future fusion power plantsiniéract with the surround-
ing materials via nuclear reactions (elastic, inelasti] aon-elastic). Furthermore,
the generally high-energy, in the MeV range, of the intecamst will induce cascades of
atomic displacements, and the resulting accumulationystatlattice defects will have
life-limiting consequences for reactor structural comguis. A proper assessment, at
the engineering level, of the viability of a reactor, indlugithe maintenance schedule
and overall costs of components and their replacementsirescp full understanding
of the creation, evolution, and materials consequencds®fadiation-induced mate-
rial damage. This can only be achieved by computationalla@oretical modelling of
materials, backed-up by experimental validation. The rimgemust integrate across
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neutron transport simulations for reactor designs, thinaugclear interaction calcula-
tions, including transmutation, then to defect productiad evolution at all necessary
length and time scales, to finally produce engineering eglegredictions.

A full description of the initial, prompt atomic displacemesvents (the primary
knock-on atoms or PKAs) produced when neutrons interadt thi¢ atoms of a ma-
terial is a necessary input to atomic modelling of damagelygcton. Along with
predictions of compositional changes due to transmutasaoh PKA data transfers
the maximum amount of information garnered from neutrondpert simulations. In
particular, it goes well-beyond the level of detail provdd®y integrated quantities such
as the ubiquitous dpa (displacements per atom) measurthefmore, it can be used to
guide the planning and design of ion-irradiation experitagwhere the ions are used
as a surrogate for neutrons, which avoid the radioactigigyés of neutron irradiation
and can also implant damage more rapidly, allowing expenaigesults on project
timescales.

Complete evaluation of PKA events requires all possibldearaeaction channels
to be considered, including not-only elastic and inelastattering, but also non-elastic
reactions where the incident neutron is captured followgdhle emission of one or
more light particles (protonsy-particles,y-rays, etc. ). Complex and complete nu-
clear data libraries must therefore be read and processérelbeing combined with
predictions of the neutron fields, to produce the energytspmcof PKA fluxes.

In this paper we present some of the latest results obtasiad theSPECTRA- PKA[1]
code developed for this purpose, which show, in particliawy the transmutation-
induced changes of material composition under neutrodiat@n can also produce
non-negligible changes to the energy distribution of naictecoils (PKAs) as the ma-
terial is irradiated further. Furthermore, some of thegrantation products, which may
be of different elemental nature to the original materiadyrbe radioactive, leading to
additional recoils via decay. Here, we present a consee/atiorst-case) approxima-
tion of the contributions to PKAs from this radioactive dgcand hence illustrate that
they could be important for some materials.

2. Methodology

The full computational methodology used to calculate PK&ctra for a given
composition of input nuclides has been fully described ih [Briefly, the nuclear
data processing code NJOY-12 [2] is used to derive, from #ve muclear reaction
cross section data (for the present work from the TENDL-2[Bl4ibrary), energy
dependent recoil cross-section matrices for every passézction channel of a given
target nuclide under neutron irradiation. The newly depettSPECTRA- PKA code
then reads the set of matrices for every nuclide (targét)the composition, and folds
eachM”~¥ matrix with the neutron energy spectrudn (a vector) to produce the
R*~¥ vector for thex — y reaction channel, viz:



or, equivalently

{7y = mi e, )
J

wherer; " is the PKA rate at recoil energy computed by folding théth rOWmfj_W
of M*~¥ in cross-section units of barng & 10724 cn?) with the ¢, flux values
of the incident neutron spectrud in units of neutrons cm? s~!. Note that for the
presentwork, both the incident and recoil energies usetat@golution group structure
containing 709 bins covering the rangex 10~° eV to 1 GeV.

SPECTRA- PKA then computes, further, the total PKA spectrigt for each nu-

clide y, by summing, via
RY =Y wR* Y, ©)

9
wherew; is the atomic fraction of target nuclide in the material composition, and
the contribution from each; to the PKAs ofy is the sum over all possible reaction
channels:; that producey from «;. The program also calculates elemental PKA dis-
tributions {.e. by summing over all relevantnuclides), and the total PKA distribution
for the material.

3. PKA distributions asafunction of irradiation time

An important aspect of PKA spectra, is how they vary with matésotopic com-
position. In particular, as a material, perhaps initialymposed of a single, pure el-
ement, is irradiated by a continuous flux of neutrons its cositn will change by
nuclear-reaction transmutations. The simulation cod®ACSI-11 [4] evolves in time
a material composition under neutron irradiation, and thencomposition at a given
time can be fed int&PECTRA- PKA to compute the PKA spectra that would be expe-
rienced by the material at that instant in time. For exanipilg, 1 shows the variation
with irradiation time of the PKA distributions, summed asuadtion of recoiling ele-
ment, in initially pure tungsten exposed to the continuoaistron flux spectrum pre-
dicted for the first wall (FW) of the proposed demonstratigsidn power plant DEMO.
The DEMO neutron spectrum was calculated using the Montés@autron transport
code MCNP [5] using a finite element conceptual model for a @EMactor with a
helium cooled pebble-bed (HCPB) tritium-breeding blarkste [6] for more details,
including the plotted FW spectrum (figure 4) —, and has a fhtal(see figure 3 in [6])
of6.6 x 1014 ncm2s 1,

At t = 0in Fig. 1a, we see that the PKAs are dominated by the recoithef
primary host atoms of W, with only minor contributions frorafnsmutation products.
Since there are now impurities in the composition initiathe only way to produce a
non-W recoil is directly in a transmutation nuclear reattibor example, the tantalum
recoils are created mainly by:(p) (neutron capture followed by proton emission)
reactions, which also produce the proton distributionsmil@rly, the hafnium and
« distributions are created mainly by,() (neutron capture followed byi-particle
emission) reactions. There are no direct, neutron-indueactions that can produce
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Figure 1: Variation in time of the instantaneous distribng of elemental PKA spectra in initially pure W
exposed to a DEMO first wall neutron spectrum. (a) shows th@ Bistributions before irradiation, at

t = 0, with the distributions in the remaining pictures representhe PKA distributions for the material
composition after the full power irradiation time given ettop left of each plot. Note that an isotope is
included in the list of possible targets 8PECTRA- PKA if it contributes more than 1E-4 atomic % of the
composition. The PKAss! cm—3 flux units are computed from the raw PKAs 5per target results from
SPECTRA- PKA using a standard W density of 19.3 g trhand the molar mass of the composition at each
irradiation time.

atomic species with a higher proton number than W, and se trer PKAs of heavier
elements, such as rhenium or osmium.

However, as the irradiation proceeds the combined occecerehpure neutron cap-
ture (n, ) reactions and subsequesit decay of unstable W isotopes (mairffP W
and'®”W) produces Re isotopes, which can capture further neutnodishen decay to
produce Os, and so on. At this point, the newly created Regt@s,atoms (in fact iso-
topes), as well as those of Ta, Hfc. , from other pathways involving nuclear break-up
reactions, become new “targets” for the PKA calculationd\8PECTRA- PKA. This
results in a significant change in the elemental PKA spedrtha irradiation time
increases. After 6 months (Fig. 1b) there is a measurabtdkdison of Re PKAs,
contributing 0.7% of the total number of PKAs. This Re diafition continues to in-
crease as the irradiation time increases, and is laterddigesignificant spectra of Os
and Ta PKAs, and together, after 5 years of continuous atemfi, these three spectra
contribute more than 8% of the total number of PKAS(x 104 PKAs s™! cm™3 out
of a total 0f1.8 x 10%5).

Note that the probabilistic nature of nuclear reactions @achys means that the
pure W composition immediately becomes a complex mixturmaiy elements and



isotopes as soon as the irradiation begins, and so, in Rigete are minor distributions
of Os, Ta,etc. , even at 6 months. As indicated in the figure caption, for ting@pses
of the present calculations, the list of target nuclidesutripto SPECTRA- PKA only
included those nuclides that contributed more that 1E-#nmtd®6 at the particular
irradiation time. This limit was mainly chosen for compugail reasons to avoid
reading and processing the recoil cross section matrigegefy many unimportant
nuclides. For example, after 5 years of irradiation, the gosition of W contains 225
different nuclides but only 38 are at concentrations abd@w& htomic %.

4. Recoilsfrom radioactive decay

As discussed above, under neutron irradiation, a mategaihposition may change
due to transmutation nuclear reactions and this can chdmggdistributions of PKA
spectra. Furthermore, some of the nuclides created by awirieeractions may be
unstable. As these radionuclides decay, the energy relegiienduce further recoil
of the decayed atomic nucleus. Here we assess, using a rppgbxanation, whether
these additional PKAs could contribute non-negligiblytie total PKA population dur-
ing irradiation. At the same time, it is important to notettbeen if this is not the case,
these “decay-PKAs” will be the only PKAs in the material aseutdown, or during a
period of scheduled maintenance, when the neutron field ismger incident, and so
their evaluation is necessary in order to understand howraaga may accumulate in
a material post-irradiation.

In the present work, we restrict the analysis to simple twdybdecays, where
the decay occurs by the emission of a neutron, protomy-particle, and3~ or 8+
decay. These five decay modes comprise 80% [7] of the totalydeactions, across all
radionuclides, for which data is available in the decaydlifprused with the FISPACT-
11 [4] inventory code. More than 10% of the other decay reawtiare either isomeric
transitions, for which there are no additional recoils, morganeous fission, while the
remaining, more complex break-up reactions, where two arerdecay products are
emitted, are rare, particularly for the main materials ¢éiast for fusion applications.

To approximate the possible PKA energy associated with aydexcoil, we calcu-
late, for eachr — y decay reaction, the mass difference between the initiabnad
clide “parent” and the total mass of the residual “daughterclide combined with the
mass of the emitted particle. Then the energy of the resideabiling atom is cal-
culated via conservation of momentum. FEbdecays this is a conservative maximum
because, in reality, there is a spectruns@mission energies, since an emitted neutrino
or antineutrino, which we neglect here, will also take sorfthe decay energy.

For two-body decay, we can calculate the recoil energy usiadaws of conserva-
tion of both energy and momentum. Where the rest mass of tliteeemparticle is the
same order of magnitude as the residual, as in, for exampdecay, its velocity will
be much less thaa and so the kinematic momentum applies. In this case thél reco
energyE? of residualy is calculated via:

T—Y
BY = 1Q iy
T,

z

(4)



where@Q*Y is the energy (or “Q-value”) calculated from the mass défere for the
x — y decay reaction, anch; is the rest mass (in kg) for the daughter residuar
emitted particle:.

For g decay, where the mass of the emitted particle is low, theciigs may ap-
proache, and so we must consider its relativistic momentum. Thegynef the resid-
ual, which is still treated kinematically, is then calceldtfrom:

EY = Q¥+ (me +my) — [ (me +my)2e + 2m,Quve2, ()

where, for decay, the rest mass of the emitted particleris the mass of an electron.
Note that in the case of positron emissigit fj decay, the mass difference used to cal-
culate the Q-value includes the subtractiogf. to account for the negative charge on
the daughter atom and thus extra electron in the system, a@upos~ decay where
the charge on the daughter atom is positive and cancels hétkmitted electron and
this the mass difference is simply that between the parehtanghter. Furthermore,
in the FISPACT-II decay file there is no distinction betwearsifron emission and
electron capture — they are both identified3s— but only proper positron emission
reactions would result in a positive Q-value.

Fig. 2 shows (as curves) the elemental PKA spectra compote@f Al, (b) Fe,
and (c) W under the same DEMO HCPB FW neutron spectrum disdudseady. For
each element, the input compositiorSBECTRA- PKA is that predicted by FISPACT-
Il for each material after 1-year of continuous irradiatiothe neutron spectrum. For
the radionuclides present in the composition at this tirhe, Becquerel activity per
unit mass — computed using the nuclide’s half-life — is p&the output produced by
FISPACT-II. A particular radionuclide may undergo seveliffierent decay reactions,
each with a different recoil energy, but the branching résilso available from the
decay file) allows the correct number of Becquerels (decaysgrond) to be attributed
to each decay mode, thus giving the number of recoils pemskger unit mass of the
material produced by that reaction. Numerically, the pdoce to calculate the number
of y recoils for a particular: — y decay reaction is:

NP7 = Abrit? = cpdabroge s (6)
where N*~¥ is the number ofy recoils (PKAs) produced by the — y decay per
second per unit masgl,. is the Becquerel activity per unit mass for the concentratio
¢, of radionuclider with decay constam, (= In2/Ty,), andby,” is the fractional
branching ratio of the decays ofthat follow thex — y path.

The N;*7Y values (converted to per unit volume using the appropricdéeral
densities) obtained for irradiated Al, Fe, and W after thgear irradiation are shown
as points in Fig. 2, with the element type of each decay récditated by the type of
point used. Note that in the key of each plot, some elemestsequresented by both
a line and point — indicating that they are present as both $#&m direct neutron
interactions and also as the recoiling species followimtjoactive decay. Meanwhile,
some elements only appear as points, meaning that they rgmuduced as PKAs
by decay and not in significant quantities by direct nuclesctions (there may be
a neutron-induced PKA spectrum for these elements, butates iare too low to be



seen in the plots). Furthermore, none of the radionuclidedyzed in Al, Fe, or W
under neutron irradiation undergo decay by proton emission that produce recoiling
protons ofas in the plot range shown, and so these entries in each keyassdnly.

Fig. 2 demonstrates an obvious point; that for the assumeebtwdy decays the
energy of the residual recoils is inversely proportionahte mass of the decaying ra-
dionuclides. Thus, in Al, where the nuclide masses areivelgtlight, the decay-PKA
energies are generally higher than those in the heavier Riehvitself has more en-
ergetic decay-PKAs than in W — the heaviest of the three alésnelhis means that
the damage induced by decay PKAs may be more significanthitelignaterials. In-
deed, in W, none of the decay-PKA energies calculated indhrent methodology and
appearing in the plot (Fig. 2c) are above the standard atthméshold displacement
energyE,; for W of 90 eV [8] (although there are a small number of decayPibove
the threshold, but at too low a rate to appear in the plot —age ).

Table 1 quantifies the relative comparison between decajiseand recoils from
nuclear reactions. For each of the materials and compositonsidered in Fig. 2,
the total number of PKAs due to direct neutron-induced reastor from the decay
of radionuclides are computed. Secondly, the average Pkaggr(in keV) in these
totals is also calculated. In both cases, only the PKAs wittrgies greater than the
standard [9, 8] threshold displacement energies (alsmdivéhe table) for the three
elements are included in the calculation. Note also thatfeneutron-induced PKAs,
the total and averages do not include the contributions figparticles or protons be-
cause, as was discussed elsewhere [1], these produce ffergmlitypes and amounts
of damage, and so it is inappropriate to include them in tbéalquantities with the
PKAs of the other heavier elements.

For Al table 1 shows that there are a significant number of P&® decay, al-
though the total number is still more than two orders of magta lower than that from
neutron-induced PKAs, and the average energy is much lesk/-500 eV compared
to an average of 56 keV from the irradiation. In Fe there asndess decay-PKAs,
and the average energy has dropped by a factor of five (coohpau@nly a factor of
2 decrease in the average PKA energy from the neutron itredibetween Al and
Fe). In W, we have already seen in Fig. 2c that there are éaligmo decay-PKAs
aboveFE,; = 90 eV, although the total in the table is non-zero because oksa@re,
but relatively energetiey decays (mainly) from the very long-lived naturally occogi
isotopes of W, which also lead to a higher than expected geatacay-PKA energy of
36.8 keV.

5. Summary

This paper has presented some of the latest findings from teodnalyze and
guantify the initial atomic displacement (the PKAS) proddin materials under expo-
sure to a neutron irradiation field. In particular, we havevet that the compositional
changes brought about by transmutation reactions undérameuradiation can also
change the predicted spectra of PKAs — most notably in higalysmuting materials
such as tungsten, where the high rate of production of tratem Re, Os, and Ta,
causes their contributions to the PKA distributions to memon-negligible as the
irradiation time increases.
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Figure 2: Neutron-induced elemental PKA spectra and deeegil rates as a function of recoil energy after
a 1-year continuous irradiation in a fusion DEMO first walkesfsum of initially (at¢ = 0) pure (a) Al,
(b) Fe, and (c) W. For the neutron-induced PKA spectra, aofmowas included in the target list given to
SPECTRA- PKA if it contributed more than 1E-4 atomic % of the compositidteal year of irradiation.
The PKA rates in s cm~3 units are computed from the raw PKAs s per target fromSPECTRA- PKA

or from the recoils s* kg~ values calculated for radioactive decay of the composits® the main text)
using standard material densities of 2.7, 7.9, and 19.3gcfor Al, Fe, and W, respectively.

The additional recoils due to the subsequent decay of radlmes produced by
transmutation reactions have also been considered foffjiss approximation and ne-
glecting any massless particles, the dominant two-bodgyesuch ag or o decay.
The results demonstrate that, particularly for light miater these decays may con-
tribute non-negligibly to the total PKA production rate @neheutron irradiation, and,
furthermore, that they will produce a continuous flux of PKAghe material long after
the neutron irradiation has been turned off.
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Table 1: Total PKA rates and average PKA energies from botlroe irradiation and radioactive decay
for the material compositions in initially (@t = 0) pure elements after a 1-year continuous irradiation in
the predicted neutron field for the first wall of a HCPB DEMOifusreactor. Each value is computed only
for those PKA energies above the standard [9, 8] displacethegshold energies’; of the elements — also
given in the table. The cr® units were computed from the raw data using standard miderisities (given

in the main text).

Element FEy Total decay Average decay Total irr. Average irr.
(eV) PKAs PKA energy PKAs PKA energy
(PKAs st cm3) (keV) (PKAs s cm™3) (keV)
Al 27.0 1.10E+12 0.5 1.81E+14 56.0
Fe 40.0 7.39E+11 0.1 3.07E+14 21.9
w 90.0 3.46E-03 36.8 5.62E+14 4.7
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