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Neutrons interacting with atomic nuclei in most of the materials included in the current fusion reactor designs—
notably tungsten, ferritic and stainless steels, copper alloys—generate a 𝛾-photon flux that is comparable in 
magnitude and energy with that of the neutrons, and which in turn generates an intense flux of high-energy 
electrons in the materials themselves. The occurrence of these 𝛾- and electron fluxes has implications, among 
others, for the mobility of crystal defects in the materials, for the stability of the plasma, and for the internal 
heating of reactor components. While a highly spatially resolved numerical calculation of neutron, photon, 
and electron fluxes on the reactor scale is computationally unfeasible, it is possible to provide estimates based 
on solutions of Boltzmann’s transport equation in a stationary and homogeneous material. Within their limits of 
validity, these estimates are robust and straightforward and they enable studying photon and electron generation 
in various materials, under different fission and fusion irradiation conditions and at various locations inside a 
reactor. We show that the irradiation environment provided by the IFMIF irradiation facility is similar to the 
expected fusion power plant conditions both in terms of the energy and intensity of photons and electrons 
generated by the neutrons in tungsten and steels.
1. Introduction

In the most notable thermonuclear fusion reaction,

2
1D+3

1 T →4
2 He (3.5 MeV)+n (14.1 MeV),

deuterium and tritium fuse to produce a helium atom and a neutron. 
The above deuterium-tritium (D-T) reaction has the largest fusion cross 
section and is therefore targeted in the current tokamak reactor de-
signs involving magnetic plasma confinement [1]. The generation of 
electricity involves the conversion of the 14.1 MeV kinetic energy of 
the neutrons into heat, which occurs by means of several possible in-
teractions between the neutrons and materials surrounding the plasma, 
primarily those that involve the generation of 𝛾-photons. In fact, quot-
ing H.T. Motz, “The usual fate of a neutron is to be absorbed by a 
nucleus with the consequent emission of gamma radiation” [2]. 14.1 
MeV neutrons are effective at exciting nuclei deep in the bulk of materi-
als, so much so that a source of such neutrons can be used for elemental 
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characterisation, as reactions requiring a high neutron energy become 
accessible to detection [3].

There are different possible neutron-nucleus interactions, or reac-
tion channels. The neutron can be elastically or inelastically scattered 
by a nucleus. The former is a billiard-ball collision; the latter is when 
the neutron is captured and the internal degrees of freedom of the nu-
cleus are excited. The nucleus then undergoes de-excitation by emitting 
a neutron, which can be different from the captured one, and by the 
emission of 𝛾-radiation [5]. These two reactions do not alter the nature 
of the nucleus. Other, more exotic, reactions can occur between a neu-
tron and a nucleus, of which some lead to transmutation—a nuclide of 
one element transforming into a nucleus of another—with other path-
ways to transmutation being spontaneous decay of unstable isotopes via 
radioactive α and/or β decay [6]. These non-elastic reactions include (n, 
𝛾), (n, p), (n, α), (n, 2n), i.e. the capture of a neutron and subsequent 
emission of a 𝛾-photon, a proton, an α-particle, or two neutrons, re-
spectively. The likelihood associated with the various reaction channels 
depends both on the neutron energy and on the target nuclide. As an 
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Fig. 1. Cross sections for several reaction channels in Fe: elastic, inelastic 
(where the incoming neutron is absorbed and another neutron is emitted), and 
four examples of non-elastic (where the neutron is absorbed causing a transmu-
tation of the nuclide). Data were taken from Ref. [4].

example, in Fig. 1 we plot the cross sections of the main nuclear reac-
tions in Fe (evaluated as the abundance-weighted sum of the reactions 
on Fe’s four stable isotopes, with atomic numbers 54, 56, 57, and 58). 
The cross sections were extracted from the TENDL-2021 nuclear data 
library [4].

Neutron-induced 𝛾-photon generation occurs over a very wide time-
scale window. Primary radiation is emitted by a nucleus during neutron-
nucleus interactions over a time interval from 10−22 to 10−14 s. In most 
cases, multiple intermediate nuclear levels are traversed and multi-
ple 𝛾-photons are emitted; these short-lived levels have the lifetime 
of about 10−9 s. This is usually referred to as prompt 𝛾-radiation [7]. 
For instance, 90% of the prompt 𝛾-photons generated inside a con-
crete sample are emitted within 10 ns [8]. The de-excitation of an 
excited nucleus continues on a longer time-scale and produces delayed 
𝛾-radiation. For example, the half-life of the delayed 𝛾-photons gen-
erated by 235U is about 0.1 μs [9], but neutron capture reactions can 
also produce metastable nuclides that undergo radioactive decay with 
a much longer half-life of seconds or even longer [7].

Differently from nuclear fusion, a significant part of the energy re-
leased during fission reactions is carried away in the form of 𝛾-photons. 
In fact, direct neutron collision-induced heating was found to be much 
smaller than 𝛾-heating except in the case of low-Z elements [10–12]. In 
the core of a fast fission reactor, about 60% of the 𝛾-heating comes from 
prompt 𝛾-photons, 10% from inelastic scattering and 30% from delayed 
𝛾-photons [13].

The design of future fusion reactors must consider the effect of 
exposure of materials and components to the fusion irradiation envi-
ronment. There is currently no fusion device operating at the foreseen 
commercial-reactor conditions that would deliver the expected damage 
rate in Fe of about 20 NRT-dpa/fpy (Norgett, Robinson, and Torrens dis-
placement per atom per full power year) [14]. Hence, the behaviour of 
materials under these conditions has to be predicted on the basis of ex-
periments performed either inside fission reactors or using designated 
neutron irradiation facilities. A notable example is the fusion-specific 
international fusion materials irradiation facility (IFMIF)-DONES cur-
rently being developed in Granada, Spain [15]; this facility evolved 
from the IFMIF/EVEDA project [16].

Since the cross sections that govern the neutron-nuclide interactions 
are highly energy-dependent, the starting point to predict the effects 
of a neutron-irradiation environment is the neutron energy spectrum. 
Fig. 2 compares the foreseen spectrum at the first wall location of a 
fusion DEMO reactor, the spectrum of the high flux reactor (HFR) lo-
2

cated in Petten, the Netherlands, and the foreseen spectrum of IFMIF. 
Journal of Nuclear Materials 585 (2023) 154584

Fig. 2. Energy-resolved neutron spectrum in the fusion DEMO reactor, in the 
fission reactor HFR, and in the neutron irradiation facility IFMIF. The DEMO 
spectrum [17] corresponds to the flux simulated for the outboard equatorial 
first wall; the HFR is the C3 sample position [18], for example, shown in the 
reactor schematic (Fig. 1) in [19]; the IFMIF spectrum is for the D-Li source 
high flux test volume [20].

The first is an example of a D-T fusion spectrum, where the 14.1 MeV 
peak is clearly visible, the second is an example of a fission scenario, 
the third represents one of the expected best materials characterisation 
facilities devoted to neutron irradiation. We refer an interested reader 
to Ref. [14] for a detailed comparison of the three scenarios. The next 
section outlines the steps required to calculate the photon and electron 
spectra generated by the neutron spectra such as those given in Fig. 2.

2. Photon and electron spectra from neutron irradiation

The Boltzmann transport equation (BTE) describes the local colli-
sional equilibrium state of a system of particles, relevant examples of 
which are neutrons, photons and electrons. We summarise here the 
treatment developed in Ref. [12], where further details can be found. 
A central concept is the flux of particles, which can be neutrons, photons 
or electrons. We refer here to the scalar definition of the flux, denoted 
by 𝜙(𝐧, 𝐱, 𝐸), which is the number of particles crossing a unit area ori-
ented perpendicular to 𝐧, at position 𝐱 in space and with energy 𝐸. 
Its generic units used in this study are cm−2 s−1 keV−1. Integration over 
energy ∫ ∞

0 𝜙(𝐧, 𝐱, 𝐸)d𝐸 gives the total flux for a specific position and 
direction.

We consider the linear formulation of the BTE, i.e. where scattering 
in the medium is included but not the interaction among the particles 
being transported. We moreover assume a dynamic equilibrium steady 
state, i.e. where partial derivatives with respect to time vanish. Under 
such conditions the BTE takes the form [21]

(𝐧 ⋅∇)𝜙(𝐧,𝐱,𝐸) = 𝐼coll[𝜙(𝐧,𝐱,𝐸)] +𝑄(𝐧,𝐱,𝐸), (1)

where ∇ = (𝜕𝑥, 𝜕𝑦, 𝜕𝑧) is the gradient operator. The left-hand side of 
Eq. (1) has the physical meaning of the balance of particles entering 
and leaving the volume element at 𝐱. The first term on the right-hand 
side, 𝐼coll, is a functional that describes the collisions of the transported 
particles with the medium in which they propagate, whereas the second 
term 𝑄 represents the generation of new particles [21]. If the medium is 
homogeneous and the collision and generation terms are—on average—
angularly isotropic, then the spatial gradient of the flux vanishes and we 
arrive at
𝐼coll[𝜙(𝐧,𝐱,𝐸)] +𝑄(𝐧,𝐱,𝐸) = 0. (2)
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The two terms in this equation have fundamentally different physical 
origins in the photon and in the electron cases. Let us consider the case 
of photons first.

BTE views the particles not individually, but rather as entities that 
are collectively found in an infinitesimal volume of phase space. There-
fore, the collision must include a negative term to account for the inter-
actions of the photons with the electrons in the material that cause them 
to leave the element of phase space in which they could be found, and 
a positive term to account for photons being scattered from higher ener-
gies and other directions of propagation into this phase space element. 
The collision term can be written as

𝐼coll[𝜙(𝐧,𝐱,𝐸)] = −𝑛0𝜎tot(𝐸)𝜙ph(𝐧,𝐱,𝐸)

+𝑛0 ∫ d𝐸′ ∫ dΩ′ d2
𝜎(𝐧′,𝐸′ → 𝐧,𝐸)

dΩ′d𝐸′ 𝜙ph(𝐧′,𝐱,𝐸′), (3)

where 𝑛0, not to be confused with the direction vector above, is the 
density of scattering centres. The second term in the right-hand side 
contains the differential cross section for a photon travelling in direc-
tion 𝐧′ with energy 𝐸′ to scatter into a state with direction 𝐧 and energy 
𝐸; the integration is performed over all the energies and all the ele-
ments of solid angle dΩ. At energies in the keV to MeV range, the three 
main interactions of photons with matter are photoelectric effect (PE), 
Compton scattering (CS), and pair production (PP) — the conversion 
of a photon into an electron-positron pair, energetically possible if the 
energy of the photon is at least twice the equivalent energy of the rest 
mass of the electron, or ∼1.022 MeV. These three processes constitute 
the total cross section 𝜎tot in Eq. (3)

𝜎tot(𝐸) = 𝜎PE(𝐸) + 𝜎CS(𝐸) + 𝜎PP(𝐸). (4)

The numerical values for these cross sections are taken from a database 
[22]. However, since only during CS a photon emerges from the event, 
this is the only contribution to the second term on the right-hand side 
of Eq. (3). In a homogeneous neutron-irradiated material the generation 
term 𝑄(𝐸) is isotropic and only a function of energy. It includes all the 
reactions between a neutron and a nucleus where photons are among 
the products of the reaction. This term will be described in detail in 
Section 3.1. Under the approximation that photon generation is only a 
function of energy, and since the CS process entering the integral term 
of Eq. (3) is also only a function of the incident photon energy, we 
arrive at a simplified transport expression for the photon flux

𝑄ph(𝐸) − 𝑛0𝜎tot(𝐸)𝜙ph(𝐸) + 𝑛0 ∫ d𝐸′𝐾(𝐸,𝐸′)𝜙ph(𝐸′) = 0, (5)

where we have identified the kernel of the integral in Eq. (3) with

𝐾(𝐸,𝐸′) = ∫ dΩ′ d2
𝜎(𝐧′,𝐸′ → 𝐧,𝐸)

dΩ′d𝐸′ . (6)

Eq. (5) can be solved iteratively. The leading term is found by neglecting 
CS from higher-energy photons as

𝜙
(0)
ph
(𝐸) =

𝑄ph(𝐸)
𝑛0𝜎tot(𝐸)

. (7)

The second term evaluates the flux contribution from CS of the photons 
making up the leading term, the third term does the same but consider-
ing the CS fraction of the second term, and so on, i.e.

𝜙
(𝑖)
ph
(𝐸) = 1

𝜎tot(𝐸) ∫ d𝐸′𝐾(𝐸,𝐸′)𝜙(𝑖−1)(𝐸′). (8)

We note that since kernel (6) contains only CS and 𝜎tot(𝐸) from Eq. (4)
includes CS, PE and PP, each term in the series is smaller than the 
previous one. We then evaluate the flux by truncating the series to 𝑁
terms

(0)
𝑁∑ (𝑖)
3

𝜙ph(𝐸) = 𝜙
ph
(𝐸) +

𝑖=1
𝜙

ph
(𝐸). (9)
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We found that the flux was well-converged already at 𝑁 = 5.
To find the expression for the kernel we use the Klein-Nishina cross 

section

d𝜎
dΩ

=
𝑟2c
2

(
𝐸′

𝐸

)2 [
𝐸′

𝐸
+ 𝐸

𝐸′ − sin2 𝜃
]
, (10)

which depends on the photon scattering angle 𝜃 and on the classi-
cal electron radius 𝑟c = 2.8179 fm. Inserting the above expression into 
Eq. (6), we find

𝐾(𝐸,𝐸′) =

⎧⎪⎪⎨⎪⎪⎩

𝜋𝑟2c𝑚𝑐
2

𝐸′ 2

[
𝐸

𝐸′ +
𝐸′

𝐸
− 1

+
(
𝑚𝑐2

𝐸′ − 𝑚𝑐2

𝐸
+ 1

)2
]
,

𝐸′

1+ 2𝐸′
𝑚𝑐2

<𝐸 <𝐸′

0, otherwise
(11)

The source term 𝑄ph(𝐸) that is ultimately responsible for the flux 
generated in the bulk of the material is calculated using neutron trans-
port codes by folding the cross section matrices of the 𝛾-generating 
scattering events with the flux of neutrons. This operation is among 
the steps taken by the neutron transport codes such as OpenMC and 
MCNP, but it can also be performed by a dedicated computer program 
SPECTRA-PKA [23] by supplying, as recoil cross sections, the cross 
sections generated by the nuclear data processing code NJOY [24]. Typ-
ically, 𝑄ph(𝐸) is returned as an array of number of photons generated 
per unit time per atom having energy inside specified bin widths. This 
can be used to approximate the continuous source term function by di-
viding the discrete points by the corresponding bin width.

High-energy photons have mean free paths of the order of centime-
tres, and undergo a fairly small number of scatterings where they lose 
a large fraction of their energy before being absorbed (typically fewer 
than 5). On the other hand, high energy electrons have a much shorter 
mean free path and undergo many orders of magnitude more numerous 
scattering events where they typically lose only a small fraction of their 
energy [12,25–28]. Therefore, the scattering term for electrons with 
angularly isotropic distribution is usually written using the so-called 
continuous slowing down approximation [21,26,29]. Similarly to how 
neutron scattering provides the source term for 𝛾-photons, the 𝛾-photon 
scattering provides the source term 𝑄el(𝐸) for high-energy electrons, 
which is angularly isotropic for an angularly isotropic photon flux. If the 
electron flux is assumed to be only dependent on energy, the BTE (2)
simplifies to

0 = 𝜕

𝜕𝐸
[𝜀(𝐸)𝜙el(𝐸)] +𝑄el(𝐸), (12)

where 𝜀(𝐸) is the average rate of energy losses of an electron with 
energy 𝐸, whose values can be found in databases [30] and which is 
related to the range 𝑅(𝐸) of electrons defined as [21,29,31]

𝑅(𝐸) =

𝐸

∫
0

d𝐸′

𝜀(𝐸′)
. (13)

The solution of Eq. (12) can be written as

𝜙el(𝐸) = 1
𝜀(𝐸)

∞

∫
𝐸

d𝐸′𝑄el(𝐸′). (14)

The source term in Eq. (14) is primarily given by the sum of three 
terms:

𝑄el(𝐸) =𝑄PE(𝐸) +𝑄CS(𝐸) +𝑄PP(𝐸). (15)

Note that the three high-energy electron generation processes mirror 
the three photon scattering processes that were discussed above: the 
same scattering events that remove photons (PE, PP) or decrease their 
energy (CS) are transferring the photon energy to the electrons (cf. 

Eq. (4)).
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Table 1

Photon and total heating in different materials.

Material DEMO HFR

total [W/g] photon [W/g] ratio total [W/g] photon [W/g] ratio

W 2.73 2.65 97.1% 10.48 10.36 98.8%
Zr 1.06 0.835 78.8% 0.613 0.343 56.0%
Cu 1.79 1.28 71.5% 3.08 2.75 89.3%
Fe 1.68 1.19 70.8% 2.00 1.63 81.5%
Be 3.65 2.89 × 10−3 0.08% 2.15 8.40 × 10−7 0.00004%
During the photoelectric absorption, the energy of a photon is en-
tirely transferred to an electron, provided that we neglect the binding 
energy that is about three or more orders of magnitude smaller than the 
photon energies of interest, hence

𝑄PE(𝐸) = 𝑛0𝜎PE(𝐸)𝜙ph(𝐸). (16)

To treat the Compton scattering, we define an energy-differential cross 
section for the scattering of an electron with a given energy 𝐸 by a 
photon with the initial energy 𝐸ph. Since the scattered electron energy 
is the difference between the initial and final photon energy, starting 
from Eq. (11) we find that

d𝜎
d𝐸

=

⎧⎪⎪⎨⎪⎪⎩

𝜋𝑟2c𝑚𝑐
2

𝐸2
ph

[
𝐸ph

𝐸ph−𝐸
− 𝐸

𝐸ph

+
(

𝑚𝑐2

𝐸ph
− 𝑚𝑐2

𝐸ph−𝐸
+ 1

)2 ]
, 0 <𝐸 <

2𝐸2
ph

2𝐸ph+𝑚𝑐2

0. otherwise
(17)

The electron generation term associated with CS is

𝑄CS(𝐸) = 𝑛el ∫ d𝐸ph 𝜙ph(𝐸ph)
d𝜎
d𝐸

(𝐸ph,𝐸). (18)

The integrand in Eq. (18) gives the energy-differential frequency with 
which an electron acquires the energy 𝐸 by CS in a energy-differential 
photon flux 𝜙ph. To find a volumetric generation term, we integrate 
over all the photon energies and multiply the result by the number of 
electrons per unit volume 𝑛el. If the differential photon flux is available 
as a discrete array, i.e.

𝜙ph(𝐸ph) =
𝑁∑
𝑖=1

Φ(𝑖)
ph
𝛿(𝐸ph −𝐸𝑖), (19)

where 𝛿(𝐸) is the Dirac delta function, we can simplify Eq. (18) to

𝑄CS(𝐸) = 𝑛el

𝑁∑
𝑖=1

Φ(𝑖)
ph

d𝜎
d𝐸

(𝐸𝑖,𝐸). (20)

During PP, on the other hand, the photon energy is converted into 
an electron and a positron, each with their rest mass 𝑚 and kinetic 
energy. The kinetic energy gained by the two particles can differ, but 
on average we assume equipartition by symmetry. The electron energy 
is then 𝐸 = 1

2 (𝐸ph − 2𝑚𝑐2) and the generation term is

𝑄PP(𝐸) = 𝑛0𝜎PP(𝐸ph)𝜙ph(𝐸ph). (21)

The predictions of the formulae given in this section were compared, 
in Ref. [12], with the outcome of a fully numerical Monte-Carlo MCNP 
calculation, finding close agreement between the two approaches. The 
approximation in which electron binding effects are neglected also 
imply that the computed 𝛾-spectra do not include the characteristic 
X-rays generated by the atomic core electrons. These X-rays, used in 
the energy-dispersion X-ray analysis (EDX) of materials [32], have rel-
atively low integrated intensity even under strong electron beam expo-
4

sure in a transmission electron microscope [33].
3. Results

3.1. Gamma heating and the spectrum of photon generation

First, we evaluate the nuclear heating in a pure material under neu-
tron irradiation spectra representative of fusion and fission scenarios 
as given by the DEMO first wall and HFR reactor spectra, respectively, 
see Fig. 2. In Table 1, the total heat generation is shown alongside the 
fraction of heating ascribed to photon heating. The remaining balance 
represents heating caused by elastic nuclear collisions, or neutron heat-
ing. Table 1 shows the results for W, Zr, Cu, Fe and Be, expanding the 
results given in [12].

The heating considered here, i.e. the local energy deposition by neu-
trons, only considers prompt 𝛾-photons. The contribution from delayed 
𝛾-photons, which is not included in standard Monte Carlo neutronics 
programmes, is expected to be about 30% of the total photon flux 
[11,13]. FISPACT-II [34] was used to calculate the energy deposition 
via the KERMA (Kinetic Energy Released per unit MAss) cross sections 
that are available from nuclear data libraries.

Second, we evaluate the photon generation term 𝑄ph(𝐸) as it is 
required for computing the 𝛾-photon and the high-energy electron spec-
tra, see Eqs. (9) and (14), respectively. In order to demonstrate the 
influence of the target nucleus on this quantity, we computed 𝑄ph(𝐸)
using the DEMO first wall neutron spectrum for five different materials: 
three pure elements W, Zr, and Cu, an alloy denoted by Fe9.0Cr1.1W 
made of Fe with 9.0% Cr and 1.1% W by weight, and water. We refer 
to Fig. 3a for plots of the photon generation terms in these materi-
als. Fe9.0Cr1.1W is very close in composition to the reduced activation 
ferritic martensitic Eurofer-97 alloy [35], as well as to alloy E911 for 
fission applications [36]. Appendix A contains a more detailed anal-
ysis where the photon generation in W and Fe9.0Cr1.1W is divided 
into the contributions generated by thermal, epithermal and fast neu-
trons. As it is shown there, thermal neutrons of this specific spectrum 
are responsible for less than 0.01% of the photons in both materials. 
Epithermal neutrons account for over 70% of photons generated in W 
whereas fast neutrons produce over 85% of photons in Fe9.0Cr1.1W. In 
W, the remaining ∼30% of the photons that are produced by fast neu-
trons dominate the photon generation spectrum below about 100 keV 
and above about 10 MeV.

From the photon generation 𝑄ph(𝐸) it is straightforward to find the 
cumulative photon generation ph(𝐸). If 𝑄ph(𝐸) is available as a con-
tinuous function then

ph(𝐸) =

𝐸

∫
−∞

𝑄ph()d . (22)

If it is a discrete array 𝑄(𝑖)
ph

like in our case, then

(𝑖)
ph

=
𝑖∑

𝑗=1
𝑄

(𝑗)
ph
. (23)

The cumulative photon generation curves calculated from Fig. 3a are 
plotted in Fig. 3b. It should be noted that while 𝑄ph(𝐸) is expressed 
in units of s−1 eV−1 at−1, 𝑄(𝑖)

ph
has units of s−1 at−1. In practice, since 
the neutron processing codes operate with discrete arrays on an energy 



Journal of Nuclear Materials 585 (2023) 154584L. Reali, M.R. Gilbert, M. Boleininger et al.

Fig. 3. (a) Photon generation in different materials induced by neutron irradiation corresponding to the DEMO spectrum in Fig. 2. The distributions are computed 
from the neutron spectra using the SPECTRA-PKA code with TENDL-2021 [4] nuclear data. The energies of the two 1.17 MeV and 1.33 MeV 𝛾-photons emitted 
during the decay of 60Co are indicated for comparison. (b) Cumulative photon generation obtained from (a), i.e. number of photons per unit time per atom that are 
generated with all energies up to the photon energy in the abscissa.

Table 2

Total photon generation in various materials obtained by integrating the energy-resolved spectra. The 
median generated photon energy is indicated although the distribution is highly non-symmetrical. 
The atomic density that was used to convert the per-atom quantities of SPECTRA-PKA is indicated in 
the last column.

Material total generation [1013 s−1 cm−3] median energy [MeV] atomic density [1022 at/cm3]

W 25.1 1.02 6.31
Zr 1.71 1.78 4.30
Cu 4.12 1.23 8.12
Fe 2.94 1.35 8.50
Fe9.0Cr1.1W 3.24 1.35 8.50
H2O 0.16 5.62 3.34
grid 𝐸𝑖, we define the energy differential photon generation term as 
𝑄ph(𝐸) =

∑𝑁

𝑖=1𝑄
(𝑖)
ph
𝛿(𝐸ph −𝐸𝑖).

By integrating the photon generation spectra of Fig. 3 over the entire 
energy range, we obtain the total photon generation, and integrating 
up to half of this value we find a median photon generation energy for 
each of the five materials, plus Fe which was omitted from the figure for 
clarity as being very similar to Fe9.0Cr1.1W. All the values are reported 
in Table 2.

3.2. Photon and electron spectra for the fusion-relevant scenarios

Similarly to what we did for calculating the neutron-induced heat-
ing, we compare first the energy spectra of photons and electrons in-
duced in various materials by the DEMO first wall neutron spectrum. 
The spectra are plotted in Fig. 4. The photon spectra were calculated 
taking the photon generation distributions of Fig. 3a as input for Eq. (9), 
with the resulting photon spectra acting as input for calculating the elec-
tron spectra following Eq. (14).

We quantified the effect of different neutron spectra, namely DEMO 
first wall, fission (HFR) and IFMIF, on the same materials, taking W and 
Fe9.0Cr1.1W as examples. The photon fluxes are shown in Fig. 5a and 
Fig. 5b, while the electron fluxes are shown in Fig. 5c and Fig. 5d, for 
Fe9.0Cr1.1W and W, respectively.

Different locations in future fusion reactors will experience different 
neutron fluxes. At the same time, different materials will be predom-
inantly featured in the various components. To consider these two 
features, we extracted from a full neutronics calculation the neutron 
5

spectra expected in DEMO in the first wall, divertor, breeding blanket 
and vacuum vessel regions. We then used them as sources for the in-
ternal generation of photons and, in turn, electrons. The materials that 
were associated to the specific spectra were: W for the first wall, W 
and Cu for the divertor (i.e. taking in isolation the main components 
of the divertor “monoblock” being conceived for ITER and DEMO), 
Fe9.0Cr1.1W for the breeding blanket (where RAFM steels will be used) 
as a model alloy for Eurofer-97, and Fe18.0Cr10.0Ni for the vacuum 
vessel as a model alloy with chemical composition similar to austenitic 
stainless steel.

Fig. 6 shows the input neutron spectra and the calculated photon 
and electron spectra in this simplified scenario. The neutron spectra 
were obtained from an MCNP [28] simulation of a EU demonstration 
power plant (DEMO) with a helium-cooled bebble-bed blanket, see [17,
37] for details. The DEMO spectrum already introduced in Fig. 2 is the 
statistical tally scored in the outboard equatorial first wall of the design, 
built up from 109 source neutron trajectories. Alongside this spectrum 
in Fig. 6 are the spectra for three other regions of the reactor recorded 
in the same simulation: for the tritium breeding blanket behind the first 
wall (average spectrum across the ∼1 m thickness of the breeding zone); 
for the high heat-flux armour of the divertor, which is the region where 
the exhaust gasses impinge on materials (as well has having a high 
neutron flux); and the primary containment vacuum vessel surrounding 
the blankets, divertor and plasma.

In Figs. 2, 5, and 6 we show several neutron, photon, and electron 
energy-differential spectra where the neutron distributions are used as 
input for calculating photon and electron distributions. By integration 
over energy or, as in our discrete case, by multiplication by bin width 

and summation, we can obtain the fluxes between given energy in-
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Fig. 4. Spectra of 𝛾-photons and high-energy electrons in different materials under the neutron spectrum as seen by the DEMO first wall. The photon spectra follow 
from Fig. 3a, the electron spectra follow from the photon spectra shown here. All spectra, except those of water, extend beyond the 14.1 MeV line that marks the 
maximum neutron energy, indicating that some of the internal energy of the target nuclides is transferred to the generated 𝛾-photons in the nonelastic reactions.

Table 3

Given neutron and calculated photon and electron fluxes for the materials and the locations in the DEMO reac-
tor or in HFR or in IFMIF that were considered. The values, in units of cm−2 s−1 , were obtained by integrating 
the differential fluxes over energy 𝐸 in the intervals indicated. In the first part of the table the data refer to 
the fluxes of Fig. 6 (FW: first wall, DIV: divertor, BB: breeding blanket, VV: vacuum vessel), in the second part 
of the table they refer to those in Figs. 2 and 5.

Material location 1 keV < 𝐸 < 100 keV 100 keV < 𝐸 < 1 MeV 𝐸 > 1 MeV total

Φn DEMO-FW 1.50× 1014 1.61× 1014 1.52 × 1014 4.63 × 1014

Φn DEMO-DIV 1.34× 1014 1.63× 1014 1.09 × 1014 4.07 × 1014

Φn DEMO-BB 5.87× 1013 3.89× 1013 3.04 × 1013 1.28 × 1014

Φn DEMO-VV 8.03× 1010 5.12× 1010 2.50 × 109 1.34 × 1011

Φph W DEMO-FW 2.53× 1011 8.58× 1013 1.73 × 1014 2.59 × 1014

Φph W DEMO-DIV 1.41× 1011 4.39× 1013 8.50 × 1013 1.29 × 1014

Φph Cu DEMO-DIV 3.55× 1011 9.20× 1013 8.61 × 1013 1.78 × 1014

Φph Fe9.0Cr1.1W DEMO-BB 1.23× 1011 2.56× 1013 2.31 × 1013 4.88 × 1013

Φph Fe18.0Cr10.0Ni DEMO-VV 2.08× 108 3.74× 1010 4.25 × 1010 8.01 × 1010

Φel W DEMO-FW 4.67× 1011 4.53× 1012 1.60 × 1012 6.59 × 1012

Φel W DEMO-DIV 2.41× 1011 2.27× 1012 7.80 × 1011 3.29 × 1012

Φel Cu DEMO-DIV 1.28× 1011 1.24× 1012 9.61 × 1011 2.32 × 1012

Φel Fe9.0Cr1.1W DEMO-BB 3.26× 1010 3.29× 1011 2.63 × 1011 6.25 × 1011

Φel Fe18.0Cr10.0Ni DEMO-VV 4.92× 107 5.61× 108 6.15 × 108 1.23 × 109

Φn DEMO-FW 1.50× 1014 1.61× 1014 1.52 × 1014 4.63 × 1014

Φn HFR 1.41× 1014 2.00× 1014 1.53 × 1014 4.94 × 1014

Φn IFMIF 1.40× 1013 1.80× 1014 5.18 × 1014 7.12 × 1014

Φph W DEMO-FW 2.53× 1011 8.58× 1013 1.73 × 1014 2.59 × 1014

Φph W HFR 1.11× 1012 3.44× 1014 7.41 × 1014 1.09 × 1015

Φph W IFMIF 2.41× 1011 6.50× 1013 9.80 × 1013 1.63 × 1014

Φph Fe9.0Cr1.1W DEMO-FW 4.25× 1011 1.04× 1014 9.16 × 1013 1.96 × 1014

Φph Fe9.0Cr1.1W HFR 9.54× 1011 1.38× 1014 1.48 × 1014 2.86 × 1014

Φph Fe9.0Cr1.1W IFMIF 8.67× 1011 2.38× 1014 1.94 × 1014 4.33 × 1014

Φel W DEMO-FW 4.67× 1011 4.53× 1012 1.60 × 1012 6.59 × 1012

Φel W HFR 1.84× 1012 1.89× 1013 6.88 × 1012 2.76 × 1013

Φel W IFMIF 3.99× 1011 2.94× 1012 8.80 × 1011 4.21 × 1012

Φel Fe9.0Cr1.1W DEMO-FW 1.31× 1011 1.31× 1012 1.09 × 1012 2.53 × 1012

Φel Fe9.0Cr1.1W HFR 1.92× 1011 2.01× 1012 1.89 × 1012 4.09 × 1012

Φel Fe9.0Cr1.1W IFMIF 2.90× 1011 2.84× 1012 2.15 × 1012 5.28 × 1012
tervals. Table 3 provides the flux of particles with energy between 1 
6

and 100 keV, between 100 keV and 1 MeV, and above 1 MeV. There 

are some general trends that can be observed. The neutron fluxes are 

approximately equipartitioned among the three intervals. Exceptions 



Journal of Nuclear Materials 585 (2023) 154584L. Reali, M.R. Gilbert, M. Boleininger et al.

Fig. 5. Spectra of 𝛾-photons (a, b) and high-energy electrons (c, d) for Fe9.0Cr1.1W (a, c) and W (b, d) under DEMO fusion scenario, the HFR fission scenario and 
the IFMIF neutron irradiation facility. Photon generation distributions were computed from the neutron spectra using the SPECTRA-PKA code with TENDL-2021 [4]
nuclear data; the differential photon and electron distributions shown were then calculated with Eqs. (9) and (14).
are the vacuum vessel case, where lower energy neutrons are more 
abundant, and IFMIF, where higher energy neutrons are more numer-
ous. The photon fluxes are approximately equipartitioned between the 
two higher-energy intervals, with comparatively fewer photons having 
lower energy. Electrons, on the other hand, are slightly more commonly 
found in the intermediate interval than in the higher. The total photon 
fluxes tend to be only slightly less intense than the total neutron fluxes, 
whereas electron fluxes at these high energies are between one and two 
orders of magnitude less intense. It should also be noted that the first 
interval is approximately one order of magnitude smaller than the sec-
ond, which in turn is approximately one order of magnitude smaller 
than the third.

These results should be considered in light of the important assump-
tion that only internal generation is relevant, and that materials are 
considered in isolation. In the reality, photons generated in different 
materials and in different locations in the reactor are all contributing to 
a total flux that is the superposition of the individual contributions. 
Monte Carlo calculations can in principle very accurately reproduce 
this real scenario. However, while transporting neutrons through a ge-
ometry is routine even for complex reactor geometries with modern 
tools and computer hardware, additionally transporting the photons 
generated by those neutrons becomes computationally challenging and 
even more extremely so if the electrons generated by the travelling 
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photons are also themselves transported. For example, in our previ-
ous work [12], we performed combined neutron, photon, and electron 
transport simulations in simplified cubic geometry of pure W, which 
was flooded with the neutrons predicted for a first wall DEMO location 
obtained from a neutron-only run on a fully-detailed reactor design (this 
is the spectrum shown in Fig. 2). The input DEMO neutron spectrum 
was sampled to generate 107 source neutrons for transport through this 
simple geometry, but this led to the creation of approximately 3 × 108
photons via direct production during neutron reactions but also, pre-
dominantly, from bremsstrahlung and fluorescence. The transport of 
these photons subsequently led to the creation of almost 9 × 109 elec-
trons, with more than 7 × 1011 individual electron tracking events. This 
corresponds to more than 70,000 electron events per source neutron. 
The simplified geometry allowed the scale-up in computation required 
to include photons and electrons to be acceptable in that case, but a 
similar attempt for a detailed reactor design would quickly become un-
feasible due to the increased geometry complexity requiring a higher 
number of neutron histories to adequately sample the layout.

4. Discussion

The generation of 𝛾-photons and high-energy electrons has several 
consequences that we discuss here. First, Table 1 shows the striking fact 
that photon heating in W approaches 100% of the total energy deposi-

tion, whereas neutron atomic recoil heating accounts for nearly 100% 
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Fig. 6. Different regions of the reactor are exposed to different neutron fluxes (upper central panel). These generate photon and electron fluxes that are likewise 
position-dependent. The panels show the different photon and electron spectra that would be generated internally due to the different neutron fluxes. The mixing of 
radiation coming from other parts of the reactor—which is expected to be very important in the case of photons but less important for electrons—is not considered.
of the total energy deposition in Be. The two are the exact opposite 
of one another in this regard. This is interesting as both are candidate 
materials for the first wall; Be was originally used in JET before being 
replaced by W, and W is preferred for DEMO designs (ITER is being 
designed around Be, but the final selection is subject to change). The 
trend, however, is not linear with respect to nuclear mass. Already in 
Fe, in fact, photon heating accounts for 70 to 80% of the total heating 
in the two considered scenarios. The heating in all materials was found 
to be of the order of 1 to 10 W/g. It should be noted that this applies 
only to the energy deposited internally in the bulk of materials by neu-

tron irradiation; there is an additional heat load on the surfaces of the 
tokamak chamber from exposure to fusion plasma.

As an example, the volumetric heating by the neutrons is not con-
sidered but it impacts the thermo-mechanical analysis of components 
such as the ITER divertor monoblock, where testing is carried out on 
the basis of pulses delivering a thermal load of 10 to 20 W/mm2 [38]
on the top surface of tiles having an area of 28 × 12 mm2, for a total 
of about 3.4 to 6.7 kW. From Table 1 we can infer that there is an 
additional heat power that is not of convective origin of about 0.5 kW, 
considering the 30% of delayed heating as well. Photon heating remains 
substantially lower than convective heating, but it should nonetheless 
be incorporated in the analyses.

A second set of consequences involves the very high energy of the 
generated 𝛾-radiation. Figs. 3 and 4 show that photons and electrons 
with energies up to about 20 MeV are to be expected in W, Zr, Cu, and 
Fe9.0Cr1.1W. This is considerably higher than the maximum neutron 
energy of 14.1 MeV, because the target nuclei decay to isotopes whose 
energy levels are lower than those of the original target nuclei. Some 
of the extra energy is released to the 𝛾-photons generated by the de-
cay process. From both Fig. 3 and Table 2 it is also clear that W, the 
heaviest of the considered targets, has the most intense 𝛾-photon gen-
eration, whereas water, which conversely is the lightest, has the least 
intense generation. The difference is not as marked for the intermedi-
ate elements. Fe, Cu, and Zr have similar generation spectra (although 
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with element-specific resonances) and cumulative photon generation. 
Such high-energy photons can enhance the corrosion of components ex-
posed to water [39]; this is observed in carbon steel for instance [40]. 
Irradiation also enhances in-reactor corrosion of Zr-alloys, and one of 
the several mechanisms proposed to explain this is related to 𝛾-induced 
production of radical species [41]. In the fusion scenario, corrosion is 
an important concern for CuCrZr alloys [42]. Looking at Fig. 6, we note 
that the CuCrZr pipes in the divertor region are exposed to the highest 
intensities of flux, comparable to the first wall region. Over the entire 
energy range considered, photon and electron fluxes for W in the diver-
tor region are only smaller by a factor of about 2 with respect to the 
first wall. The decay of electronic excitations induced by the 𝛾-photons 
is also detrimental to insulators [43,44].

Finally, there is also a problem specific to fusion posed by high-
energy electrons, or “runaway electrons”, as they foster instabilities in 
magnetised plasmas [45]. Runaway electrons are produced if electrons 
gain sufficient energy when electric fields are applied to the plasma, 
but there may also be a secondary cause given indirectly by neutron 
irradiation. In Appendix B we derive formulae for estimating both the 
total electron flux escaping the surface of a volume containing a source 
of high-energy electrons, and the mean energy of the escaped electrons. 
The total flux is

Φesc =
1
4
∑
𝑖

𝑄𝑖𝑅(𝐸𝑖). (24)

Note that here the elements of the volumetric source term 𝑄𝑖, in 
cm−3 s−1, are the electrons generated inside the 𝑖-th energy bin 𝐸𝑖. This 
is the discrete representation, defined in (B2), of the source term of the 
electron flux of Eq. (14), which has units of cm−3 s−1 eV−1.

Electrons excited with initial energy 𝐸𝑖 continuously lose energy 
while travelling the range 𝑅(𝐸𝑖) given by Eq. (13). They can escape the 
surface with an escape energy 0 <𝐸esc < 𝐸𝑖, depending on the distance 
from the surface. The distribution of 𝐸esc, derived in Appendix B, is

1

𝑃 (𝐸esc) =

𝑅(𝐸𝑖)𝜀(𝐸esc)
,0 <𝐸esc <𝐸𝑖. (25)
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Hence, the mean escape energy is

𝐸
(𝑖)
esc =

𝐸𝑖

∫
0

𝐸′𝑃 (𝐸′)d𝐸′. (26)

Since the number of electrons excited with initial energy 𝐸𝑖 is propor-
tional to 𝑄𝑖, we then define a weighed average of the mean energies 
using the 𝑄𝑖 values as weights,

𝐸esc =
∑

𝑖 𝑄𝑖𝐸
(𝑖)
esc∑

𝑖 𝑄𝑖

. (27)

Using the source term generating the DEMO electron flux in W of Fig. 4, 
the total flux escaping a surface is 1.8 × 1012 cm−2 s−1, at an average 
energy of about 330 keV, which is well into the runaway range.

A third consequence of the photon and electron generation by neu-
trons is that it adds another dimension to the possible differences be-
tween irradiation environments, which is important in the context of 
experimental studies. The greatest difference is between ion and neu-
tron irradiation, as in the former the neutron-stimulated 𝛾-emission is 
not present. However, also different neutron sources—characterised by 
different energy spectra—produce unequal populations of photons and 
electrons. These differences depend on atomic and isotopic nature of 
the irradiated material. This is the reason for displaying the spectra in 
Fig. 5. Using these spectra, we can assess whether the IFMIF facility 
generates a neutron irradiation environment similar to that of a fusion 
power plant, at least as far as the excited 𝛾-photons and high-energy 
electrons are concerned. In W, both photon and electron spectra in 
IFMIF follow quite closely those expected in DEMO, even around the 
10 MeV energies. There is a noticeable flux above 20 MeV in IFMIF 
which should be absent in DEMO, but the intensity is small in com-
parison with the rest of the spectrum. In Fe9.0Cr1.1W, the photon and 
electron generation in IFMIF is slightly higher than in DEMO, but is still 
very similar. Our assessment focuses on a separate aspect of IFMIF than 
that considered by Simakov et al. [14], which was focused on the ex-
pected surviving defects under neutron irradiation in DEMO, HFR, and 
IFMIF, but they both suggest that IFMIF is expected to be an appropriate 
neutron source suitable for its intended purpose.

5. Conclusions

We investigated the generation of prompt 𝛾-photons and high-
energy electrons in fusion-relevant materials such as tungsten, the fer-
ritic steel alloy Fe9.0Cr1.1W, and copper. The energy deposited by 
neutrons with typical fusion or fission energy spectra is primarily trans-
formed into 𝛾-radiation, with the conversion factor of about 70 to 99% 
in iron, copper, and tungsten. On the other hand, 𝛾-heating is less in-
tense in zirconium and almost nonexistent in beryllium. This agrees 
with previous studies [10–12]. In water, the 𝛾-generation is less in-
tense, but the spectra remain higher than in the aforementioned metals 
and alloys in the energy range approaching 10 MeV.

The spectra of photons and electrons generated by neutrons extend 
up to energies of about 20 MeV under the expected neutron flux at 
the location of plasma-facing components of DEMO, with the peak of 
the spectrum in the hundreds of keV range. The similar intensity of the 
neutron flux in the first wall and in the divertor regions results in similar 
production rates of 𝛾-photons and electrons, while the generation in the 
breeding blanket is slightly lower.

Finally, we evaluated the photon and electron generation in W and 
in Fe9.0Cr1.1W and found the expected fluxes for the IFMIF material 
testing facility to be similar to those expected in DEMO and HFR reac-
tors.
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Appendix A. The energy dependence of the photon generation

The DEMO first wall spectrum (same as in Fig. 2) was divided into 
three parts according to the neutron energy: thermal neutrons with 
energy up to 0.25 eV, epithermal neutrons with energy higher than 
0.25 eV and lower than 100 keV, and fast neutrons with energy above 
100 keV, see Fig. 7a. This was done to understand if one of the three 
sections was responsible for the production of most of the photons, and 
the energy spectrum of the three fractions of the total. We then consid-
ered the three parts of the neutron flux as if isolated and calculated the 
three corresponding photon generation distributions per target atom in 
W and in Fe9.0Cr1.1W. The distributions are plotted in Figs. 7b and 
7c, respectively, and compared with the total (which is the same as 
in Fig. 3a). Changing the cutoff between epithermal and fast neutrons 
from 100 keV to 1 MeV causes a negligible change in the results on both 
W and Fe9.0Cr1.1W.

The total photon generation was 3.972 ×10−9 photons per second per 
W atom and 3.815 ×10−10 photons per second per atom in Fe9.0Cr1.1W. 
Of these quantities, as specified also in Fig. 7a, only a negligible fraction 
was ascribed to the thermal part of the DEMO spectrum. Conversely, the 
epithermal section led to the generation of about 71% of the photons 
in W and 15% in Fe9.0Cr1.1W. The situation was reversed for the fast 
section of the DEMO spectrum, which produced the remaining 29% 
and 85% in the two materials, respectively. We therefore found another 
marked difference coming from the element-specific energy dependence 
of the nuclear cross sections. Another difference is visible from Figs. 7b 
and 7c. Fast neutrons dominate the photon generation throughout the 
entire energy spectrum in Fe9.0Cr1.1W. On the other hand, although 

epithermal neutrons produce the majority of photons in W, the photons 

https://doi.org/10.14468/hyde-5x49
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Fig. 7. (a) The DEMO first wall neutron spectrum was split into three parts: thermal neutrons with energy below 0.25 eV, epithermal neutrons with an intermediate 
energy between 0.25 eV and 100 keV, and fast neutrons with energy greater than 100 keV. The fractions of the total photon generation induced by the three portions 
of the spectrum are indicated for pure W and for Fe9.0Cr1.1W (EF in the figure, short for simplified Eurofer-97). The energy-resolved photon generation is shown 
in (b) for Fe9.0Cr1.1W and in (c) for W. Fast neutrons are responsible for the generation of most of the photons in Fe9.0Cr1.1W, as well as of the most and least 
energetic photons in W, where however the majority of photons are generated with energies of a few MeV because of collisions initiated by epithermal neutrons.
that are released with the lowest and highest energies originate from 
collisions with fast neutrons. It can also be noted that the epithermal 
generation, i.e. that caused by neutrons of energy up to 100 keV, peaks 
at about 1 MeV in W, implying that the majority of the photon energy 
was in this case released by the decaying nuclei.

Appendix B. Estimate of electrons emission from a surface

Some of the electrons excited by the 𝛾 flux near the surface of a 
tokamak wall have sufficient energy to escape and be emitted into the 
plasma. We provide here an estimate of the number of escaping elec-
trons and their associated energy. This is only approximate as it assumes 
that electrons travel along straight paths.

High-energy electrons are excited at a rate given by the volumetric 
source term 𝑄el(𝐸) that enters Eq. (12) and in a randomly oriented di-
rection. We consider electrons excited near a flat surface and assume 
that they travel along straight paths continuously losing energy accord-
ing to Eq. (13). For a given excitation energy, the maximum depth from 
which an electron can escape is its range 𝑅(𝐸). We call 𝑧 the depth 
from the surface; 𝜃 is the angle between the starting direction and the 
direction normal to the surface; 𝛼 is the azimuthal angle. The distance 
between the excitation point and the surface is 𝑧∕ cos𝜃. We then find all 
the electrons that contribute to the flux of escaping electrons Φesc by in-
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tegrating 𝑄el(𝐸) over all excitation energies 𝐸, depths 𝑧 and directions; 
a Heaviside step function Θ() ensures that the electron can only escape 
if the distance from the surface is less than its range. This leads to the 
integral

Φesc =

∞

∫
0

d𝐸

𝑅(𝐸)

∫
0

d𝑧

2𝜋

∫
0

d𝛼

𝜋∕2

∫
0

d𝜃 sin𝜃

[
𝑄el(𝐸)Θ

(
𝑅(𝐸) − 𝑧

cos𝜃

)]
. (B1)

We note that 𝜃 only runs up to 𝜋

2 excluding the electrons excited 
away from the surface. The source term is given as the discrete array

𝑄el(𝐸) = 1
4𝜋

∑
𝑖

𝑄𝑖𝛿(𝐸 −𝐸𝑖). (B2)

By changing the variable of the Heaviside step function to 𝑡 =𝑅(𝐸) −
𝑧∕ cos𝜃, or otherwise, the integrals can be readily solved yielding the 
total flux, stated in Eq. (24),

Φesc =
1
4
∑
𝑖

𝑄𝑖𝑅(𝐸𝑖). (B3)

To estimate the energy of the escaping electrons, we find the proba-
bility distribution 𝑃 (𝐸esc) of an electron escaping with energy 𝐸esc. We 

begin modelling the excitation of the electron with energy 𝐸 as a pro-
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Fig. 8. Numerical test simulating 100,000 electrons excited in a random direction and at a random depth within the range 𝑅(𝐸) for the energies of 500 and 1500 keV. 
(a) Distribution of distance travelled before hitting the surface, noting that the distance by which the electron loses all of its energy is where the distribution is no 
longer uniform. (b) Distribution of energy after escaping the surface of the electrons that hit the surface before losing all of their energy. Eq (B6) and Eq. (B11) show 
very good agreement with the numerical test. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
cess characterised by randomly distributed depth 𝑧 and direction angle 
𝜃 defined above. 𝑧 is uniformly distributed over [0,𝑅(𝐸)]. 𝜃 obeys the 
distribution 𝑃 (𝜃) = sin𝜃 over 

[
0, 𝜋∕2

]
. We then calculate the distribution 

of the distance to the surface 𝜉 = 𝑧∕ cos𝜃.
First, we show that the distribution 𝑃 (𝑦) of 𝑦 = cos𝜃 is

𝑃 (𝑦) =

∞

∫
−∞

sin𝜃𝛿(𝑦− cos𝜃)d𝜃 =

𝑦

∫
𝑦−1

𝛿(𝑡)d𝑡

=

{
1, 0 < 𝑦 < 1
0, otherwise.

(B4)

That is, 𝜉 is the ratio of two uniformly distributed numbers. Using the 
ratio distribution of independent variables we write

𝑃 (𝜉) =

∞

∫
−∞

[
Θ(𝜉𝑦) − Θ(𝜉𝑦−𝑅(𝐸))

𝑅(𝐸)

][
Θ(𝑦) − Θ(1 − 𝑦)

1

]
d𝑦

=

1

∫
0

Θ(𝜉𝑦) − Θ(𝜉𝑦−𝑅(𝐸))
𝑅(𝐸)

d𝑦, (B5)

which evaluates to

𝑃 (𝜉) =
⎧⎪⎨⎪⎩

1
2𝑅(𝐸) , 0 < 𝜉 < 𝑅(𝐸)
𝑅(𝐸)
2𝜉2 , 𝜉 > 𝑅(𝐸).

(B6)

Noting that the electrons that escape are those whose distance 𝜉 ≤𝑅(𝐸), 
we see that in this region also 𝑃 (𝜉) has a uniform distribution. Next, we 
point out the relation between the distance 𝜉 and the escape energy 
𝐸esc:

𝜉 =

𝐸

∫
𝐸esc

d𝐸′

𝜀(𝐸′)
. (B7)

The target distribution 𝑃 (𝐸esc) follows from the distribution of 𝜉 by a 
change of variable as

( ) || d𝜉 ||

11

𝑃 (𝐸esc) = 𝑃 𝜉(𝐸esc) |||d𝐸esc
||| . (B8)
Equivalently, Eq. (B7) can be written as

𝑅(𝐸) − 𝜉 =

𝐸esc

∫
0

d𝐸′

𝜀(𝐸′)
, (B9)

from which it follows that

− d𝜉
d𝐸esc

= 1
𝜀(𝐸esc)

. (B10)

Hence, the distribution of escape energies—stated in Eq. (25)—is

𝑃 (𝐸esc) =
1

𝑅(𝐸)𝜀(𝐸esc)
,0 <𝐸esc <𝐸. (B11)

From this we calculate the mean energy, or the first moment of the 
distribution

𝐸esc =

𝐸

∫
0

𝐸′𝑃 (𝐸′)d𝐸′. (B12)

Fig. 8 shows the numerical comparison of a random sample of 
100,000 elements and the probability distributions of 𝜉 and 𝐸esc, (B6)
and (B11).

For the fusion-relevant case of a spectrum of electron source terms, 
Eq. (B2), each element in the array corresponds to an excitation en-
ergy and therefore to a distribution of escape energies. We calculate a 
weighted average of the mean escape energies by taking the 𝑄𝑖 as the 
weights, which is stated in Eq. (27).
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