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Abstract - The FISPACT-Il inventory simulation platform is a modeomputational tool with advanced and
unique capabilities. It is gficiently flexible and gicient to make it an ideal basis around which to perform
extensive simulation studies to scope a variety of resgoofs@any materials (elements) to severgladent
neutron irradiation scenarios. This paper briefly presetite typical outputs from these scoping studies,
which have been used to compile a suite of nuclear physiasriasthandbooks, providing a useful and vital
resource for material selection and design studies. Sédéfarent global responses are extracted from these
reports, allowing for comparisons between materials antivieen djferent irradiation conditions. A new
graphical output format has been developed for the FISPA@IEtform to display these “global summaries”;
results for dfferent elements are shown in a periodic table layout, all@ygite-by-side comparisons. Several
examples of such plots are presented and discussed.

[. INTRODUCTION Il. CALCULATIONS AND PRESENTATION

With the current maturity in nuclear inventory simula- For each handbook, an automated script runs, for each
tions it is also important to improve the way the results fromelement or material, a sequence of simulated irradiatifhs (
the extensive output data sets are processed, analyzedeand fowed by cooling as necessary) are performed for a set of inci
sented. In the past, only small amounts of data have beetent neutron irradiation spectra (but focussing on one fimai
presented, usually for only one or two irradiation scergrio spectrum” for many outputs) using the FISPACT-II inven-
for a select few materials. Nowadays it is possible and routory code, and produces the outputs described below, which
tine to perform scoping calculations for many materials, fo are fully described in, for example,6][ Note that all re-
example the entire periodic table of elements, in multipte-i  sults shown in the various example plots, and elsewhere in
diation environments. The resulting data is vast and reguir
careful handling if the information is to be disseminated in
an understandable and consistent manner. For this reason, t ; Hour
UKAEA, over a period of several years, has developed a suite ‘ 1
of computational techniques that integrate with its owerint 104 nf—.\;\l\

nationally recognised, modern inventory simulation etf

FISPACT-II [1, 2]. These produce a variety of useful visual = 1012 Y

outputs to represent as much of the data as possible from si% \\.

gle or multiple inventory simulations. This has culminated @ 1010 - b

the production of automatically-generated validationaed >, | —

. . . +— \ 8 -
ification reports §, 4, 5] for the latest, modern nuclear datali- 'S 108 \Bot-taa b
braries TENDL-2015, ENDB-VII.1, JEFF-3.2 and JENDL- © \ L\
4.0u, as well as a new generation of extensive nuclear-physi ﬁ 10° - \ .
materials handbook$] 7, 8, 9, 10, 11]. These handbooks, in & \ i
particular, provide a huge wealth of information, scopingt § 104 —+ PWR \

radiological, transmutation (burn-up), and primary damag (%

- HFR oo
function responses for materials in typical fission reaatat 102 n -=»-FBR .\\
predicted fusion environments. Furthermore the automated Fe results
infrastructure, which#@ciently creates and processes the tens 10° )

of thousands of FISPACT-II & library inventory simulations -6 ‘-4 ‘-2 0 2 4
required for the handbooks, can also be used to perform com- 10 10 10 _ 10 10 10
parison studies by extracting the same response metric from Decay time (years)

the results of each material in a handbook and across mul- ) o

tiple handbooks for nuclear library afed environment. In  Fig. 1. Decay-cooling response of pure aluminium follow-

this paper we briefly present the structure of the handbook#)d 2 full-power year (fpy) irradiations under 3 typical fiss

before focussing on these comparisons féedent response scenarios: pressurized water-cooled reactor (PWR), tte hi

metrics. flux reactor (HFR) at Petten, and a fast-breeder reactor JFBR
The neutron flux spectra used are shown and described in
more detail in Figure.
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10 Fig. 3. Neutron spectra used for the scoping calculations,
where DEMO-FW is a typical plasma-exposed, first wall
Fig. 2. Zr decay heat following 2 full-power years in a simu-spectrum for a demonstration fusion power plant (total-inte
lated fuel-assembly averaged neutron flux spectrum of a typgrated flux of 50x10' n cnt? s71); DEMO-VV is the equiva-

cal pressurized-water reactor (PWR) — see figuif€he time-  lent spectrum predicted for the DEMO reactor vacuum vessel
evolving decay-heat curves from the important contritmtin (2.5x 10" n cnr? s71); FBR is the core assembly spectrum
radionuclides are also shown, indicating which nuclides ar for the large-scale prototype fast breeder superphenctoea
important at diferent decay times. that was located in the south of France#210° n cnt? s7%);

HFR is the spectrum for volume-averaged low-flux material
this paper, were calculated by FISPACT-I1 using the TENDL+est location of the high-flux reactor at Petten, Nethesand
2015 [LZ] nuclear cross section libraries. (5.3 x 10 n cn2 s1); and PWR is the fuel assembly-
averaged spectrum for the type P4 pressurized-water reacto

1. Activation tables- six tables, one for each of total (spe- at the Paluel site in France. & x 104 n cnr2 s°1). Left:

cific) activity (Bq kgt), decay heat (kW kg}), y (con-
tact) dose rate (Sv ), inhalation and ingestion dose

the spectra on a logarithmic eV scale showing the full energy

(Sv Y, and (IAEA) clearance index. Each table shows fange. Right: alinear MeV scale, showing the high-energy
for the primary irradiation spectrum of the handbook,parts of the spectra, in particular the fission tails.

the percentage contributions to the particular radiolog-
ical response quantity at a range of cooling times fol-
lowing irradiations of typically 2 full power years (fpy),
although for some applications the irradiation schedule
can be more complex (see e.g. ifj,[where materials
were irradiated according to the planned 14-year opera-
tional scenario of the ITER experimental fusion reactor).
The total radiological response is also given at each cool-
ing time.

. Activation graphs- three pairs of graphs, one for each

of total activity, decay heat anddose rate. One graph
shows the evolution in response of the material dur-
ing cooling after the primary irradiation scenario of the
handbook, together with result from several other irra-
diations (e.g.
locations). For example, figure shows the total bec-
guerel activity response from pure aluminium following

2 fpy in the three typical fission neutron spectra shown
in figure 3. Also shown in each such graph are equiv-
alent results for pure Fe, providing a visual indication
of the relative activity of a material compared to this
standard material. The results in the figure demonstrate
that irradiated Al is less active than Fe at most decay
times, but also that Al is more activate (than Fe) at de-
cay times greater than 100 years following irradiation
in HFR and FBR conditions, due to subtlefdrences

in the high neutron-energy profile of those neutron spec-
tra compared to the PWR one (see fig8)e Note that
nuclear cross section-based uncertainties are included as

other fission reactors, or other reactor 3.

standard in the graphs, but these are typically relatively
small when viewed on the logarithmic scale of such plots
(as in figurel).

The second graph in the pair shows the response cool-
ing following the main irradiation, but also includes an
indication of which radionuclides are dominant for the
radiological quantity at a particular cooling time. These
are standard plots output from FISPACT-1I (se for
details, but also the extensive use of such graphs])n [
Nuclides appear at the position on the time (x) axis cor-
responding to their half-life and on the activity (y) axis
corresponding to their contribution to the radiological
quantity at shutdown after the irradiation.

Radionuclide contribution curveshree graphs, one for
each of total activity, decay heat apdlose rate. Each
graph shows the cooling response for each radiologi-
cal quantity following irradiation in the main spectrum
of the handbook, but also includes the decay-cooling
curves for the important radionuclides contributing to
the total response (the same radionuclides included as
labels in the activation plots described above). These
graphs, which were newly developed in the FISPACT-
Il platform for the 2016 handbooks$ [ 7], give a more
easily interpretable (compared to other representations)
visual of the important radionuclides as a function of
time. Figure2 shows such a graph for the decay heat
from zirconium following a 2-fpy PWR irradiation. It

is immediately possible to see the importance of the
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Fig. 4. Pd transmutation response under the irradiation con 10° 102
ditions experienced in the high-flux reactor (HFR) in Petten PKA energy (eV)
Netherlands (see Fi@). Top: elemental evolution in compo- H1 - Ni62 --- Cu63 Ni64
sitions (starting from 100% Pd) during 2 fpy. Bottom: Nu- He4 -- Ni61 -- Ni63 Cu65
clide chart snapshot of isotopic composition after 2 fpy. Cu62 — Co60 Co62 Ni65 --
Co59 -- Co6l — Cu64 - Cu66

95Nb and®2Zr radionuclides on timescales between one

day and 10 years following irradiation. In this partic- Fig. 5. Distributions of primary knock-on atom (PKA) rate
ular example one can also observe the slight increasgpectra for pure copper under the irradiation conditicaisgy
in decay heat fron¥™Nb (T, = 16.1 years) beyond mutation predicted for the first wall of a DEMO fusion power

1 year due to the decay of the long-liv&tZr nuclide
(T1/2 =15x10° years).

. Importance diagramgl3, 14] — plots showing the re-
gions of the incident-neutron-energy versus decay-time
landscape where a single radionuclide dominates (con-
tributes more than 50%) a particular activation quantity.
These provide a general visual representation of the post-
irradiation response of a material that is independent of
any particular neutron spectrum, indicating th&etient
radionuclides that are important infidirent neutron en-
ergy ranges and at what decay times. Diagrams for total
activity, decay heat, anddose rate are produced by an-
alyzing the output from a sequence of irradiations under
mono-energetic (single energy group) neutron spectra.

. Transmutation results the burn-up response, where a

material’s composition changes with time due to irradia-
tion, is calculated during irradiation and then plotted to
show the growth of impurity elements, including gases

plant (see Fig3). Top: elemental sums. Bottom: Isotopic
response. The per unit volume units were computed (from
the raw PKs s! per target atom results) using the standard
elemental density of Cu (8.96 g cf).

He and H, and the corresponding depletion of the parent
element. The He and H production in atomic parts per
million (appm) in 1 fpy, and an estimate of the displace-
ments per atom (dpa) per fpy, are output explicitly (as
text). The final nuclide composition after the irradiation
is also presented in a “chart of the nuclides”]tableau.
Fig. 4 gives a typical result for this section — for pure pal-
ladium under HFR conditions. In this example, the over-
all transmutation burn-up of Pd is relatively small, with
more than 97 atomic % of the Pd still remaining after
2 fpy. However, both Cd and Ag reach concentrations
of more than 1%, although their isotopic distributions
are somewhat étierent to that found naturally for those
elements.
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6. PKA distributions— primary knock-on atoms (PKAs) fluxes for the first wall environment of the 2014 European
are the radiation damage source terms that determineoncept for a DEMOstration fusion power plant with a
the size of displacement damage cascades and henhelium-cooled pebble-bed tritium-breeding blanket canfig
the population of structural defects created in irradiatedation (see [6, 17] for details). Only the naturally occurring
materials. They are important inputs to both atomisticelements from H to Bi are considered in the scoping calcula-
simulations and the design of irradiation experimentstions, so all other elements are white in the figure presenta-
A newly written code, SPECTRA-PKAL[], combines tion (H and He are also white here because the transmutation
(folds) an irradiation spectrum with neutron energy ver+ates are #ectively zero). The figure provides a striking com-
sus PKA recoil energy cross section (probability) matri-parison between elements, showing outliers, such as tthe hig
ces to define PKA-energy distributions for both nuclide burn-up of boron and indium, and low transmutation rates of
(isotope) daughters and elemental recoil sums (more usbismuth and lead.
ful for atomistic modelling where dierent isotopes of Another example is shown in figuie where the colour-
the same element cannot normally be distinguished). Fang this time reflects the simulated total becquerel agtivit
each handbook material, the isotopic and elemental-surfrom each elements 10 years after they have been irradiated
PKA spectra in units of PKAS cm are plotted forthe  for 2 fpy in the DEMO FW environment. Again, outliers are
main irradiation spectrum. obvious, particularly cobalt, lithium and europium, andfsu
Figure5 shows the result for pure copper when irradi-a plot should prove very useful in material design studies— f
ated in the typical fusion DEMO power plant plasma-example, as a quick reference to assess the likely impact (on
exposed, first wall environment (see fig@)e As would  activity) from adding certain elemental impurities to a com
be expected, the recoils of Cu itself are the most composition.
mon due to the high probability of scattering. However,
the high neutron energies of the fusion environmentlead.. Fusion vs. Fission Comparisons
to the opening of additional reaction channels, where the .
recoiling particle is not necessarily Cu. These “none-Cu” A natural next step after producing the collated global
recons dominate the h|gh reco” energy range (abovéesults SUCh as those deSCI’Ide abOV.e IS .tO use them to com-
1 MeV), and will contribute non-negligibly to radiation Pare results from dierent scoping studies, i.e. fromfigirent

damage, since such energetic particles create more daf@ndbooks. This is particularly useful when comparing re-
age than those at lower energies. sults from diferent nuclear data libraries, because it can be

used to identify discrepancies and deficiencies. However, i

7. Pathway analysis the important production pathways can also be used to compare results undéewint nuclear en-

are cafcutated and output for every radionuclide considgironments — for example comparing and contrasting nuclear

ered significant because it appears in either the impokysion and fission.

tance diagrams or activation tables of the element. A~ Gas production is an important consideration in nuclear

standard FISPACT-I pathway analysis (ség for de-  gpplications because gas build-up can severely reduce the

tails) is performed for the standard irradiation schedulq,vorking lifetime of materials, especially if accompanieg b

of the handbook (typically 2 fpy) at a fixed neutron flux {he in-growth of radiation-induced structural defectsg. B

(typically 10° n cn? s™) at four neutron energy ranges: shows the helium gas production rates per displacements per

thermal neutrons from 0.02 to 0.05 eV, intermediate neuzioms (dpa) — a useful damage dose measure — for all natu-

trons from 20 to 40 keV; fast neutrons at typical fission gy occurring elements under fusion DEMO first wad] [

energies of 1 to 3 MeV; and a fusion relevant range fromanq the same fission conditions consideredjri.p, 11], but

13 to 15 MeV. The output nuclides are listed in order of jhstead computed using the latest TENDL-2015] library.

increasing decay half-life. Fig. 3 shows the neutron spectra for thefeient environ-
ments considered. Note that ratios below 0.001 are omitted,
Ill. GLOBAL RESULTS and also that results for helium itself are not meaningful.

The results demonstrate the significantly higher ratios ex-
ected under fusion (DEMO) first wall conditions compared
o fission for most materials, with many results for the fiesio

The main goal of the handbooks is to provide key re-
sponse metrics for each naturally occurring element, so th

their suitability for nuclear applications can be assesse . >
However, it is also useful to be able to collate results angcenaros not even appearing in the plots because theyaare to

compare certain responses across all elements in order to %[Srrc])?jlllchhIsnrlf;:grlSrgggtriglr)(seﬁg\?gtgi:recatuhsrzsnrq]glr:jysh(\il/l#ircnh
preciate their relative behaviours. Such “global sumngdrie 9 gy '

are relatively straightforward to produce using the automasomet'mes means that they do not happen at all at fission-

tion developed to produce the suite of materials handbooke.EUtron energies, but are significant at the higher, fusion-

An obvious way to present such comparisons is to follow th{oegérgnrﬁggg'ﬁ)sbI;—:q'ztmgwggnh;fntgﬁég?ﬁ fﬂrsoigrl:d:)c\)/v'ke?yllants
usual periodic table layout and use colouring to indicate th nd also in a%vanced faspt fission reactors) andp furtth P
relative response of each element, which is also a natural e%ais not strai htforwar,d to create suitable e’x eri,me rEEat,t
tension of the techniques developed to present data ordeeucli o aigntror perim
. conditions in a fission reactor to reasonably approximatgtwh

charts (see figuré and [14]). a material will experience under fusion conditions

Figure6 shows the % burn-up or transmutation of each Fig. 9 showsr':he total MBq kgt activit roducéd from
element per fpy under the predicted neutron spectrum and 9- q Y P
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Fig. 8. Helium-to-dpa ratios for all naturally occurringeel  Fig. 9. Total activity 10 years after shutdown for all natu-

ments (up to Bi) under a typical predicted fusion power planta|ly occurring elements (up to Bi) after 2-fpy irradiatinn-

(DEMO) first wall irradiation field compared to three fission der typical fusion DEMO first wall (FW) and vacuum vessel

environments: pressurized water-cooled reactor (PWR), th(yv) jrradiation fields compared to three typical fission env

high-flux reactor (HFR) at Petten, and a fast-breeder reactGgonments.

(FBR). All results were calculated by FISPACT-II using the

TENDL-2015 [L7] nuclear cross section libraries. ing for the fact that VV materials will be expected to receive
longer in-service exposure (in the scoping studies theliara

each element 10 years after 2 fpy irradiations under both fuion times are kept fixed for ease of comparison). The compar-

sion and fission conditions. Here a cut-at 1 MBqg kg? has  ison to the equivalent PWR results in figuré (again on the

been used. In contrast to the He-to-dpa ratios in figitee ~ same colour scale) is similarly favourable for the VV, which

DEMO first wall environment is not the worst case for manyis a significant portion of the total DEMO reactor mass][

elements, particularly in the higher proton number regiens This is an important exemplar of the commercial and politi-

although the relative comparisons vary significantly asnefu cal viability of fusion — even though certain in-vessel camp

tion of decay time (the DEMO-FW irradiations typically pro- nents will become significantly activated, many of the large

duce higher long-lived activity). The second set of fusioncomponents will be less activated than under typical fission

results plotted, that for the DEMO vacuum vessel (VV), areconditions.

noticeably lower — lower even than the activation induced un

der fission conditions. This is perhaps highlighted evenemor IV. SUMMARY

clearly in the periodic-table graphic of these 10-yearvaeti

tion results for the DEMO-VV in figuré 0, which uses the Efficient computational automation of the running and
same colour scale as used for the previously discussed-equRf0c€ssing of large-scale inventory simulation results- pr
alent DEMO-FW results in figur@. vides a platform from which it is possible to explore the

It is obvious from the shift in the colouring of figuted depths of modern nuclear data libraries and produce compi-

to the “cooler” end of the spectrum in comparison to the Fwiations of material responses that are invaluable to eegine
results that the activation of materials in a DEMO VV will Materials specialists, and other researchers working en th

be significantly (many orders of magnitude) less, even allowdesign and construction_of the next generati_on of fission re-
actors and fusion experiments. It also provides a platform
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Fig. 10. Periodic table showing the total becquerel agtifritm each element after 10 years of decay cooling follovar®py
irradiation in a DEMO vacuum vessel (VV) environment. Théoco of each element reflects the activity according to the
Bq kg* legend, but the absolute values are also given beneath kachre symbol.
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Bq kg! legend, but the absolute values are also given beneath kachre symbol.
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to perform side-by-side comparisons, using innovativaalis
representations, of the response dfatient materials under a
variety of irradiation conditions — allowing for new insitgh

into the response landscape. 10.
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