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a b s t r a c t

The FISPACT-II inventory simulation platform is a modern computational tool with advanced and unique
capabilities. It is sufficiently flexible and efficient to make it an ideal basis around which to perform
extensive simulation studies to scope a variety of responses of many materials (elements) to several
different neutron irradiation scenarios. This paper briefly presents the typical outputs from these scoping
studies, which have been used to compile a suite of nuclear physics materials handbooks, providing a
useful and vital resource for material selection and design studies. Several different global responses are
extracted from these reports, allowing for comparisons between materials and between different irra-
diation conditions. A new graphical output format has been developed for the FISPACT-II platform to
display these “global summaries”; results for different elements are shown in a periodic table layout,
allowing side-by-side comparisons. Several examples of such plots are presented and discussed.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the current maturity in nuclear inventory simulations it is
important to improve theway the results from the extensive output
data sets are processed, analyzed and presented. In the past, only
small amounts of the available activation and transmutation data
have been presented; perhaps considering just a single response
metric (e.g., the total becquerel activity as a function of time) for
only one or two irradiation scenarios for a select few materials.
Nowadays it is possible and routine to perform scoping calculations
for many materials, for example the entire periodic table of ele-
ments, in multiple irradiation environments (provided that these
are already obtained, which can often be problematic if relatively
expensive and time-consuming Monte Carlo particle transport
simulations are required). The resulting data is vast and requires
careful handling if the information is to be disseminated in an
understandable and consistent manner. For this reason, the United
Kingdom Atomic Energy Authority (UKAEA), over a period of
several years, has developed a suite of computational techniques
that integrate with its own internationally recognised, modern
inventory simulation platform FISPACT-II [1,2]. These produce a
variety of useful visual outputs to represent as much of the data as

possible from single or multiple inventory simulations. This has
culminated in the production of automatically-generated valida-
tion and verification reports [3e5], comparing the latest, modern
nuclear data libraries TENDL-2015, ENDF/B-VII.1, JEFF-3.2 and
JENDL-4.0u to databases of available experimental data. With the
confidence obtained from those exercises UKAEA has subsequently
produced a new generation of extensive nuclear-physics materials
handbooks [6e11]. These handbooks, in particular, provide a huge
wealth of information, scoping the radiological, transmutation
(burn-up), and primary damage function responses for materials in
typical fission reactor and predicted fusion environments.
Furthermore, the automated infrastructure, which efficiently cre-
ates and processes the tens of thousands of FISPACT-II and library
inventory simulations required for the handbooks, can also be used
to perform comparison studies by extracting the same response
metric from the results of each material in a handbook and across
multiple handbooks for nuclear libraries and/or environments. In
this paper we briefly present the structure of the handbooks, before
focussing on these comparisons for different response metrics.

2. Calculations and presentation

For each element or material considered in a handbook, an
automated script runs a sequence of simulated irradiations (fol-
lowed by cooling as necessary) using the FISPACT-II inventory code
and produces the various outputs listed below, which are fully
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described in, for example, [6]. Each handbook focusses on a data-
base of results produced with one particular incident neutron
spectrum; for example a typical first wall spectrum of a DEMO
fusion reactor is the primary spectrum in [6]. The only exceptions to
this are the activation graphs (described in a subsequent section),
where the activation response is compared for several different
neutron spectra (e.g., spectra from different regions in a fusion
device [6]). While this paper concentrates on examples from the
handbooks of pure element results, it is worth emphasizing that the
infrastructure can easily accommodate more complex alloys and
compounds. In [7], for example, where simulations were performed
for characteristic spectra of the under-construction ITER experi-
mental fusion device, the presentation also included equivalent
results for the various “ITER-grade” alloys and compounds that are
expected to be present in the fully-realised reactor, including
stainless steels, concrete, and Inconel. All results shown in this
paper were calculated by FISPACT-II using the TENDL-2015 [12]
nuclear cross-section libraries and UKDD-12 decay data library
(derived from the EAF-2007 decay data [13]).

2.1. Handbook sections for each material

2.1.1. Activation tables
Six tables, one for each of total (specific) activity (Bq/kg), decay

heat (kW/kg), g (contact) dose rate (Sv/h), inhalation and ingestion
dose (Sv/h), and (IAEA) clearance index. Note that FISPACT-II pro-
duces many other radiological outputs, including a,b,g-separated
activity and heat, nuclear heating (kerma) and damage rates, and
emitted g spectra. Each table shows, for the primary irradiation
spectrum of the handbook, the percentage contributions to the
particular radiological response quantity at a range of cooling times
following a period of full power irradiation. The typical irradiation
time used in the handbooks is 2 full-power years (fpy), although for
someapplications the irradiation schedule canbemore complex (see,
e.g., in [7], wherematerials were irradiated according to the planned
14-yearoperational scenarioof the ITERexperimental fusion reactor).
The total radiological response is also given at each cooling time.

2.1.2. Activation graphs
Three pairs of graphs, one for each of total activity, decay heat

and g dose rate. One graph shows the evolution in response to the
material during cooling after the primary irradiation scenario of the
handbook, together with the results from several other irradiations
(e.g., other fission reactors, or other reactor locations). For example,
Fig. 1 shows the total becquerel activity response from pure
aluminium following 2 fpy in the three typical fission neutron
spectra shown in Fig. 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 re-
sults in the figure demonstrate that irradiated Al is less active than
Fe at most decay times, but also that Al is more active (than Fe) at
decay times greater than 100 years following irradiation in HFR and
FBR conditions, due to subtle differences in the high neutron-
energy profile of those neutron spectra compared to the PWR one
(see Fig. 3). Note that nuclear cross-section-based uncertainties
(read directly from covariance data of the neutron cross-sections in

a

Fig. 1. Decay-cooling response of pure aluminium following 2 full-power year (fpy)
irradiations under three typical fission scenarios: pressurized water-cooled reactor
(PWR), the high-flux reactor (HFR) at Petten, and a fast-breeder reactor (FBR). For each
coloured curve for Al, an equivalent grey curve is shown for Fe using the same symbol
as the Al curve. The neutron flux spectra associated with these three environments are
shown and described in Fig. 3.

o 
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Fig. 2. Zr decay heat following 2 full-power years in a simulated fuel-assembly aver-
aged neutron flux spectrum of a typical pressurized-water reactor (PWR)dsee Fig. 3.
The time-evolving decay-heat curves from the important contributing radionuclides
are also shown, indicating which nuclides are important at different decay times. Note
that the decay-heat response from FISPACT-II was the subject of the key experimental
validation exercise for fusion neutronsdsee [5] for more details.

e e

(A) (B)

Fig. 3. Neutron spectra used for the scoping calculations, where DEMO-FW is a typical
plasma-exposed, first wall spectrum for a demonstration fusion power plant (total
integrated flux of 5.0 � 1014 n/cm2/s); DEMO-VV is the equivalent spectrum predicted
for the DEMO reactor vacuum vessel (2.5 � 1011 n/cm2/s); FBR is the core assembly
spectrum for the large-scale prototype fast breeder superphenix reactor located in the
south of France (2.4 � 1015 n/cm2/s); HFR is the spectrum for volume-averaged low-
flux material test location of the high-flux reactor at Petten, the Netherlands
(5.3 � 1014 n/cm2/s); and PWR is the fuel assembly-averaged spectrum for the type P4
pressurized-water reactor at the Paluel site in France (3.25 � 1014 n/cm2/s). (A) The
spectra on a logarithmic eV scale showing the full energy range. (B) A linear MeV scale,
showing the high-energy parts of the spectra, in particular the fission tails. Both DEMO
spectra were obtained for a 2013/4 European DEMO design [14,15].
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the case of modern data libraries like TENDL [12]) are included as
standard in the graphs, but these are typically relatively small when
viewed on the logarithmic scale of such plots (as in Fig. 1). The
second graph in the pair shows the response cooling following the
main irradiation, but also includes an indication of which radio-
nuclides are dominant for the radiological quantity at a particular
cooling time. These are standard plots output from FISPACT-II (see
[2] for details, but also the extensive use of such graphs in [5]).
Nuclides appear at the position on the time (x) axis corresponding
to their half-life and on the activity (y) axis corresponding to their
contribution to the radiological quantity at shutdown after the
irradiation.

2.1.3. Radionuclide contribution curves
Three graphs, one for each of total activity, decay heat and g

dose rate. Each graph shows the cooling response for each radio-
logical 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-II platform for the 2016 handbooks [6,7], give a more
easily interpretable (compared to other representations) visual-
isation of the important radionuclides as a function of time. Fig. 2
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 95Nb and 95Zr radionuclides on timescales be-
tween one day and 10 years following irradiation. In this particular
example one can also observe the slight increase in decay heat from
93mNb (T1/2 ¼ 16.1 years) beyond 1 year due to the decay of the
long-lived 93Zr nuclide (T1/2 ¼ 1.5 � 106 years).

2.1.4. Importance diagrams
Plots showing the regions of the incident-neutron-energy

versus decay-time landscape where a single radionuclide domi-
nates (contributes more than 50%) a particular activation quantity.

t
C

(A)

(B)

Fig. 4. Pd transmutation response under the irradiation conditions experienced in the high-flux reactor (HFR) in Petten, the Netherlands (see Fig. 3). (A) Elemental evolution in
compositions (starting from 100% Pd) during 2 fpy. (B) Nuclide chart snapshot of isotopic composition after 2 fpy.
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Importance diagrams [16,17] provide a general visual representa-
tion of the post-irradiation response of a material that is inde-
pendent of any particular neutron spectrum, indicating the
different radionuclides that are important in different neutron
energy ranges and at what decay times. Diagrams for total activity,
decay heat and g dose rate are produced by analyzing the output
from a sequence of irradiations under mono-energetic (single en-
ergy group) neutron spectra.

2.1.5. Transmutation results
The burn-up response, where a material's composition changes

with timedue to irradiation, is calculatedduring irradiation and then
plotted to show the growth of impurity elements, including gasesHe
and H, and the corresponding depletion of the parent element. The
He andH production in atomic parts permillion (appm) in 1 fpy, and
an estimate of the displacements per atom (dpa) per fpy, are output
explicitly (as text). Thefinal nuclide composition after the irradiation
is also presented in a “chart of thenuclides” [17] tableau. Fig. 4 gives a
typical result for this section, for pure palladium under HFR condi-
tions. In this example, the overall transmutation burn-up of Pd is
relatively small, withmore than 97 atomic % of the Pd still remaining
after 2 fpy. However, both Cd and Ag reach concentrations of more
than 1%, although the isotopic distributions are somewhat different
to those found naturally for those elements.

2.1.6. PKA distributions
Primary knock-on atoms (PKAs) are the radiation damage source

terms that determine the size of displacement damage cascades,
and hence the population of structural defects created in irradiated
materials. They are important inputs to both atomistic simulations
and the design of irradiation experiments. A newly written code,
SPECTRA-PKA [18], combines (folds) an irradiation spectrum with
neutron energy versus PKA recoil energy cross-section (probability)
matrices to define PKA-energy distributions for both nuclide
(isotope) daughters and elemental recoil sums (more useful for
atomistic modelling where different isotopes of the same element
cannot normally be distinguished). For each handbookmaterial, the
isotopic and elemental-sum PKA spectra in units of PKA/s/cm3 are
plotted for themain irradiation spectrum. Fig. 5 shows the result for
pure copper (Cu) when irradiated in the typical fusion DEMO power
plant plasma-exposed, first wall environment (see Fig. 3). As would
be expected, the recoils of Cu itself are the most common due to the
high probability of scattering (elastic and inelastic). However, the
high neutron energies of the fusion environment lead to the
opening of additional reaction channels, where the recoiling parti-
cle is not necessarily Cu. These “non-Cu” recoils dominate the high
recoil energy range (above 1 MeV), and will contribute non-
negligibly to radiation damage, since such energetic particles
create more damage than those at lower energies.

2.1.7. Pathway analysis
The important production pathways are calculated and output

for every radionuclide considered significant because it appears in
either the importance diagrams or activation tables of the element.
A standard FISPACT-II pathway analysis (see [1] for details) is per-
formed for the standard irradiation schedule of the handbook
(typically 2 fpy) at a fixed neutron flux (typically 1015 n/cm2/s) at
four neutron energy ranges: thermal neutrons from 0.02 to 0.05 eV;
intermediate neutrons from 20 to 40 keV; fast neutrons at typical
fission energies of 1e3 MeV; and a fusion relevant range from 13 to
15 MeV. The output nuclides are listed in order of increasing decay
half-life. Table 1 is the tabulated output produced for the pathway
analysis of pure aluminium, showing, for example, the long neutron
capture (n,g) and b� decay chains that produce the long-lived 36Cl
radionuclide in neutron environments with a strong thermal

component. Note that not all radionuclides have identifiable pro-
duction routes at each of the four neutron energies considered, nor
is it always possible to find a set of pathways with a total percent
contribution close to 100% for a particular energy range.

3. Global results

The main goal of the handbooks is to provide key response
metrics for each naturally occurring element, so that their suit-
ability for nuclear applications can be assessed. However, it is also
useful to be able to collate results and compare certain responses
across all elements in order to appreciate their relative behaviours.
Such “global summaries” are relatively straightforward to produce
using the automation developed to produce the suite of materials
handbooks. An obvious way to present such comparisons is to
follow the usual periodic table layout and use colouring to indicate
the relative response of each element, which is also a natural
extension of the techniques developed to present data on nuclide
charts (see Fig. 4 and [17]).

Fig. 6 shows the percent burn-up (loss of the original element
via transmutation) of each element per fpy under the predicted
neutron spectrum and fluxes for the first wall environment of the

(A)

(B)

Fig. 5. Distributions of primary knock-on atom (PKA) rate spectra for pure copper
under the irradiation conditions transmutation predicted for the first wall of a DEMO
fusion power plant (see Fig. 3). (A) Elemental sums. (B) Isotopic response. The per unit
volume units were computed (from the raw PKAs/s per target atom results) using the
standard elemental density of Cu (8.96 g/cm3).
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2013/4 European concept for a DEMOstration fusion power plant
with a helium-cooled pebble-bed tritium-breeding blanket
configuration (see [19,20] for details). Only the naturally occurring
elements fromH to Bi are considered in the scoping calculations, so
all other elements are white in the figure presentation (H and He
are also white here because the transmutation rates are effectively

zero). The figure provides a striking comparison between elements,
showing outliers, such as the high burn-up of boron and indium,
and low transmutation rates of bismuth and lead.

Another example is shown in Fig. 7, where the colouring this
time reflects the simulated total becquerel activity from each ele-
ments 10 years after they have been irradiated for 2 fpy in the

Table 1
Aluminium pathway analysis: important target nuclides, their half-lives and the pathways leading to them. The percentage contribution of each pathway is shown for neutron
fluxes in four energy ranges.

Nuclide Half-life Pathway 20
e50
meV

20
e40
keV

1e3
MeV

13
e15
MeV

28Al 2.24m 27Al(n,g)28Al 100.0 100.0 100.0 99.5
29Al 6.56m 27Al(n,g)28Al(n,g)29Al 100.0 100.0 100.0 d

27Al(n,g)28Al(b�)28Si(n,g)29Si(n,p)29Al d d d 98.8
27Mg 9.46m 27Al(n,p)27Mg d d 100.0 99.5
31Si 2.62h 27Al(n,g)28Al(b�)28Si(n,g)29Si(n,g)30Si(n,g)31Si 100.0 100.0 d d
24Na 14.96h 27Al(n,a)24Na d d d 99.5
28Mg 20.90h 27Al(n,g)28Al(n,p)28Mg d d 94.8 16.0

27Al(n,p)27Mg(n,g)28Mg d d 5.2 83.5
32P 14.27d 27Al(n,g)28Al(b�)28Si(n,g)29Si(n,g)30Si(n,g)31Si(b�)31P(n,g)32P 100.0 d d d
22Na 2.60y 27Al(n,na)23Na(n,2n)22Na d d d 73.0

27Al(n,2n)26Al(n,na)22Na d d d 21.7
27Al(n,np)26Mg(n,a)23Ne(b�)23Na(n,2n)22Na d d d 3.1
27Al(n,a)24Na(b�)24Mg(n,np)23Na(n,2n)22Na d d d 1.0

3H 12.33y 27Al(n,p)1H(n,g)2H(n,g)3H d d 100.0 d
27Al(n,t)3H d d d 99.3

32Si 132.00y 27Al(n,g)28Al(b�)28Si(n,g)29Si(n,g)30Si(n,g)31Si(n,g)32Si 73.9 d d d
27Al(n,g)28Al(b�)28Si(n,g)29Si(n,g)30Si(n,g)31Si(b�) 31P(n,g)32P(n,p)32Si 26.1 d d d

14C 5.7 103y 27Al(n,a)24Na(b�)24Mg(n,a)21Ne(n,2a)14C d d d 94.5
27Al(n,a)24Na(b�)24Mg(n,a)21Ne(n,na)17O(n,a)14C d d d 2.2
27Al(n,a)24Na(b�)24Mg(n,na)20Ne(n,a)17O(n,a)14C d d d 1.6

36Cl 3.0 105y 27Al(n,g)28Al(b�)28Si(n,g)29Si(n,g)30Si(n,g)31Si(b�) 31P(n,g)32P(b�)S32(n,g)33S(n,g)34S(n,g)35S(b�) 35Cl(n,g)36Cl 83.4 d d d
27Al(n,g)28Al(b�)28Si(n,g)29Si(n,g)30Si(n,g)31Si(b�) 31P(n,g)32P(n,g)33P(b�)33S(n,g)34S(n,g)35S(b�) 35Cl(n,g)36Cl 13.4 d d d
27Al(n,g)28Al(b�)28Si(n,g)29Si(n,g)30Si(n,g)31Si(b�) 31P(n,g)32P(n,g)33P(n,g)34P(b�)34S(n,g)35S(b�) 35Cl(n,g)36Cl 3.0 d d d

26Al 7.2 105y 27Al(n,2n)26Al d d d 99.8
10Be 1.6 106y 27Al(n,a)24Na(b�)24Mg(n,na)20Ne(n,2a)13C(n,a)10Be d d d 70.8

27Al(n,a)24Na(b�)24Mg(n,a)21Ne(n,na)17O(n,na)13C(n,a)10Be d d d 7.4
27Al(n,na)23Na(n,a)20F(b�)20Ne(n,2a)13C(n,a)10Be d d d 7.2
27Al(n,a)24Na(b�)24Mg(n,na)20Ne(n,na)16O(n,a)13C(n,a)10Be d d d 5.5
27Al(n,a)24Na(b�)24Mg(n,na)20Ne(n,a)17O(n,na)13C(n,a)10Be d d d 5.5

Fig. 6. Percent burn-up per fpy for each pure element under a fusion DEMO reactor plasma-exposed, first wall environment, whose neutron spectrum is shown in Fig. 3. The colour
of each element depicts the burn-up (according to the associated logarithmic colour legend), but the absolute percent values are also given beneath each element symbol.
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Fig. 7. Periodic table showing the total becquerel activity from each element after 10 years of decay cooling following a 2-fpy irradiation in a DEMO FW environment. The colour of
each element reflects the activity according to the Bq/kg legend, but the absolute values are also given beneath each element symbol.

P

Fig. 8. Helium-to-dpa ratios for pure elements under a typical predicted fusion power
plant (DEMO) first wall irradiation field compared to three fission environments:
pressurized water-cooled reactor (PWR), the high-flux reactor (HFR) at Petten, and a
fast-breeder reactor (FBR). All results were calculated by FISPACT-II using the TENDL-
2015 [12] nuclear cross-section libraries.

P

Fig. 9. Total activity 10 years after shutdown for pure elements after 2 fpy irradiations
under typical fusion DEMO first wall (FW) and vacuum vessel (VV) irradiation fields
compared to three typical fission environments.
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DEMO FW environment. Again, outliers are obvious, particularly
cobalt, lithium and europium, and such a plot should prove very
useful in material design studiesdfor example, as a quick reference
to assess the likely impact (on activity) from adding certain
elemental impurities to a composition.

3.1. Fusion vs. fission comparisons

A natural next step after producing the collated global results
such as those described above is to use them to compare results
from different scoping studies, i.e. from different handbooks. This is
particularly useful when comparing results from different nuclear
data libraries, because it can be used to identify discrepancies and

deficiencies. However, it can also be used to compare results under
different nuclear environmentsdfor example comparing and con-
trasting nuclear fusion and fission.

Gas production is an important consideration in nuclear appli-
cations, as gas build-up can severely reduce the working lifetime of
materials, especially if accompanied by the in-growth of radiation-
induced structural defects. Fig. 8 shows the helium gas production
rates per displacements per atoms (dpa)da useful damage dose
measuredfor all naturally occurring elements under fusion DEMO
first wall conditions (from [6]) and under the same fission condi-
tions considered in [9e11], but instead computed using the latest
TENDL-2015 [12] library (TENDL-2014 was used in [9e11]). Fig. 3
shows the neutron spectra for the different environments

Fig. 10. Periodic table showing the total becquerel activity from each element after 10 years of decay cooling following a 2-fpy irradiation in a DEMO vacuum vessel (VV) envi-
ronment. The colour of each element reflects the activity according to the Bq/kg legend, but the absolute values are also given beneath each element symbol.

Fig. 11. Periodic table showing the total becquerel activity from each element after 10 years of decay cooling following a 2-fpy irradiation in a PWR fuel-assembly averaged
environment. The colour of each element reflects the activity according to the Bq/kg legend, but the absolute values are also given beneath each element symbol.
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considered. Note that ratios below 0.001 are omitted from Fig. 8,
and also that results for helium itself are not meaningful.

The results demonstrate the significantly higher ratios expected
under fusion (DEMO) first wall conditions compared to fission for
most materials, with many results for the fission scenarios not even
appearing in the plots because they are too small. This result is
entirely expected. Many helium-producing nuclear reactions have
energy thresholds, which sometimes means that they do not
happen at all at fission-neutron energies, but are significant at the
higher, fusion-neutron energies. This highlights that gas production
is likely to be a more problematic phenomenon in fusion power
plants (and also in advanced, fast fission reactors), and, further-
more, that it is not straightforward to create suitable experimental
test conditions in a fission reactor to reasonably approximate what
a material will experience under fusion conditions.

Fig. 9 shows the total MBq/kg activity produced from each
element 10 years after 2-fpy irradiations under both fusion and
fission conditions. Note that the actinides have not been considered
here, and thesewould naturally be sources of very high activity in the
fission scenarios. In the plots a cut-off at 1 MBq/kg has been used. In
contrast to the He-to-dpa ratios in Fig. 8, the DEMO first wall envi-
ronment is not the worst case for many elements, particularly in the
higher proton number regions, although the relative comparisons
vary significantly as a function of decay time (the DEMO-FW irradi-
ations typically produce higher long-lived activity). The second set of
fusion results plotted, those for the DEMO vacuum vessel (VV), are
noticeably lowerdlower even than the activation induced under
fission conditions. This is perhaps highlighted even more clearly in
the periodic-table graphic of these 10-year activation results for the
DEMO-VV in Fig. 10, which uses the same colour scale as used for the
previously discussed equivalent DEMO-FW results in Fig. 7.

It is obvious from the shift in the colouring of Fig. 10 to the
“cooler” end of the spectrum in comparison to the FW results, that
the activation of materials in a DEMOVVwill be significantly (many
orders of magnitude) less, even allowing for the fact that VV ma-
terials will be expected to receive longer in-service exposure (in the
scoping studies the irradiation times are kept fixed for ease of
comparison). The comparison to the equivalent PWR results in
Fig. 11 (again on the same colour scale) is similarly favourable for
the VV, which is a significant portion of the total DEMO reactor
mass [20]. This is an important exemplar of the commercial and
political viability of fusiondeven though certain in-vessel compo-
nents will become significantly activated, many of the larger com-
ponents will be less activated than under typical fission conditions.

4. Summary

Efficient computational automation of the running and pro-
cessing of large-scale inventory simulation results provides a
platform fromwhich it is possible to explore the depths of modern
nuclear data libraries, and produce compilations of material re-
sponses that are invaluable to engineers, materials specialists, and
other researchers working on the design and construction of the
next generation of fission reactors and fusion experiments. It also
provides a platform to perform side-by-side comparisons, using
innovative visual representations, of the response of different ma-
terials under a variety of irradiation conditions, allowing for new
insights into the response landscape.
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