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a b s t r a c t

Los Alamos National Laboratory’s proposed signature facility, MaRIE, will provide scientists and engineers
with new capabilities for modeling, synthesizing, examining, and testing materials of the future that will
enhance the USA’s energy security and national security. In the area of fusion power, the development
of new structural alloys with better tolerance to the harsh radiation environments expected in fusion
reactors will lead to improved safety and lower operating costs. The Fission and Fusion Materials Facility
(F3), one of three pillars of the proposed MaRIE facility, will offer researchers unprecedented access to
a neutron radiation environment so that the effects of radiation damage on materials can be measured

3
in situ, during irradiation. The calculated radiation damage conditions within the F match, in many
respects, that of a fusion reactor first wall, making it well suited for testing fusion materials. Here we
report in particular on two important characteristics of the radiation environment with relevancy to
radiation damage: the primary knock-on atom spectrum and the impact of the pulse structure of the
proton beam on temporal characteristics of the atomic displacement rate. With respect to both of these,
analyses show that F3 has conditions that are consistent with those of a steady-state fusion reactor first

wall.

. Introduction

The Matter Radiation Interactions in Extremes (MaRIE) concept
s a National User Facility to realize the vision of 21st century mate-
ials research and development. The Fission and Fusion Materials
acility (F3) portion of MaRIE proposes to use the proton linac
t Los Alamos National Laboratory (LANL) to drive a spallation
eutron source to create an intense irradiation environment for
eactor materials testing. Coupled with integrated synthesis and
haracterization capability, F3 would also provide the capability for
n situ measurements of transient radiation damage, using X-ray
nd charged particle radiography diagnostics.

The F3 pillar of MaRIE is predicated on the successful deploy-
ent of LANL’s proposed Materials Test Station (MTS) [1]. This

pallation source facility uses the powerful 1-MW proton beam
vailable at the Los Alamos Neutron Science Center to produce
017 neutrons/s. The MTS is sponsored by the US Department of
nergy’s Office of Nuclear Energy, with the mission of testing fission
Please cite this article in press as: E.J. Pitcher, Fusion materials irradi
doi:10.1016/j.fusengdes.2010.11.032

eactor fuels and structural materials in a fast neutron spectrum.
he current schedule calls for the MTS to begin operation in 2016.
n assessment of the MTS irradiation environment [2] shows that,
ith respect to displacement rate, helium production, and produc-
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tion of impurities via transmutation, the MTS has characteristics
that match well those expected in the first wall of a fusion reactor.

As part of MaRIE, LANL proposes to augment the MTS with
unprecedented in situ diagnostic capability and an increase in beam
power over the MTS level of 1 MW. With these augmentations, the
MTS becomes the F3. The amount of beam power that will drive F3

is under study, but the goal is to provide researchers with a peak
displacement rate of 50 dpa/fpy (full power year), equivalent to an
instantaneous rate of 1.58 × 10−6 dpa/s.

2. Displacements and gas production

The peak displacement rate in the irradiation regions of F3 is
roughly proportional to (beam power)0.8. Assuming a beam power
of 1.8 MW driving the F3, the range of displacement and He produc-
tion rates in iron accessible in the irradiation regions is shown in
Fig. 1. Each pixel plotted represents a 40-mm3 volume element in
either the fuel (green pixels) or material (orange pixels) irradiation
regions. The F3 offers a broad range of He-to-dpa ratios, from 5 to
33 appm/dpa. This allows scientists to measure materials proper-
ties as a function of this important parameter. (For interpretation
of the references to color in this paragraph, the reader is referred
ations at MaRIE’S fission fusion facility, Fusion Eng. Des. (2011),

to the web version of the article.)
As with the peak displacement rate, the irradiation volume is

also sensitive to beam power. Fig. 2 shows the minimum displace-
ment rate in iron as a function of irradiation volume. Only those
volume elements whose He/dpa ratio is “fusion relevant,” that is,
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ig. 1. Displacement and helium production rates for F3 at beam power of 1.8 MW.

etween 8 and 13 appm/dpa, are included in the volume estimate.
ne can see that, for example, at a beam power of 1.8 MW the
isplacement rate within a half-liter volume ranges from 12 to
4 dpa/fpy.

. PKA spectra and damage production function

Damage morphology is sensitive to the energy of the recoiling
uclei, or primary knock-on atoms (PKA), inducing lattice displace-
ents. The PKA spectrum depends on the energy spectrum of the
Please cite this article in press as: E.J. Pitcher, Fusion materials irradi
doi:10.1016/j.fusengdes.2010.11.032

eutrons causing the radiation damage. The neutron spectrum at
he peak flux position of F3 is plotted in Fig. 3. Also plotted is the
eutron spectrum for the Helium Cooled Lithium Lead (HCLL) blan-
et of the proposed DEMO fusion reactor. Note that the spectra are

ig. 2. Displacement rate in iron as a function of volume for three different beam
owers. The tallied volume includes only that for which the He/dpa ratio ranges
rom 8 to 13 appm/dpa.
Fig. 3. Neutron flux lethargy spectra for F3 and the DEMO HCLL.

quite similar below a few hundred keV, while they differ apprecia-
bly above 10 MeV. The prominent 14-MeV peak is clearly evident in
the DEMO spectrum, as is the high-energy tail of the F3 spectrum,
which extends up to the incident proton beam energy of 800 MeV.

Following the method used by Simakov et al. [3], nuclear recoil
spectra for neutron-induced reactions in iron were calculated using
the NJOY [4] nuclear data processing code. For neutron energies up
to 58.4 MeV, recoil spectra were folded with the neutron spectra
plotted in Fig. 3. For the F3, nuclear recoils produced by neutrons
with energies greater than 58.4 MeV and by protons of all energies
were calculated using the radiation transport code MCNPX [5] and
its associated post-processing code HTAPE3X. The HTAPE3X and
NJOY results were summed to obtain the recoil spectrum for all
ations at MaRIE’S fission fusion facility, Fusion Eng. Des. (2011),

neutrons and protons. The nuclear recoil, or PKA, spectra calculated
in this manner are plotted in Fig. 4. The PKA spectra for the two
facilities are in good agreement up to about 50 keV. The highest
PKA energy for the DEMO HCLL is 2.7 MeV, whereas for F3 the PKA

Fig. 4. PKA spectra for the DEMO HCLL and the F3.

dx.doi.org/10.1016/j.fusengdes.2010.11.032
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tion, the impact of micropulse structure on the peak displacement
rate was assessed by simulating a train of 20 micropulses. These
were placed at exactly 375–375.1 �s within the beam macropulse,
where the beam passes the mid-plane and closest to the tallied radi-
Fig. 5. Damage production functions for DEMO and F3.

pectrum extends to 20 MeV. The energetic PKA’s are recoils from
onelastic reactions in iron caused by neutrons in the high-energy
ail shown in Fig. 3.

One indicator of the influence of neutron spectrum on damage
orphology is the damage production function W, defined as the

raction of total lattice displacements caused by PKA’s with kinetic
nergy less than T. The W(T) function is calculated as described by
ischer et al. [6], using the NRT model [7] to calculate the fraction of
KA energy inducing displacements. The damage production func-
ions calculated in this manner for DEMO and the F3 are shown
n Fig. 5. As expected by comparison of the two PKA spectra, good
greement of the damage production functions is seen for the two
acilities for T < 50 keV. For DEMO, nearly all displacements are
aused by PKA with energies less than 1 MeV. For the F3, however,
KA’s with T > 1 MeV (0.4% of all PKA’s) are responsible for nearly
0% of all displacements. The onset of sub-cascade formation occurs
t 10 keV [8], and it may be that damage morphology is not sensi-
ive to differences in the W(T) function above about 100 keV. If true,
hen the F3 will exhibit damage morphology in iron similar to that
xpected in the DEMO first wall.

. Displacement rate temporal dependence

The displacement rate in an iron sample placed in the irradia-
ion region of F3 varies in both space and time. Spatially, the peak
isplacement rate occurs at beam mid-plane and within the fuel

rradiation region between the two spallation target sections, about
cm downstream of the spallation target front face (see Refs. [1,2]

or descriptions of the geometry).
The pulsed nature of the LANSCE proton beam will influence

he time dependence of the displacement rate. The beam struc-
ure, shown in Fig. 6, includes both macro- and micro-structure. The
eam macropulse is 750 �s long, with a repetition rate of 120 pulses
er second. The MTS will receive five out of six macropulses pro-
uced by the LANSCE accelerator, or 100 pulses per second, which
ields a 7.5% beam duty factor. Within each beam macropulse the
Please cite this article in press as: E.J. Pitcher, Fusion materials irradi
doi:10.1016/j.fusengdes.2010.11.032

eam has microstructure, with micropulse width and spacing of
00 ps and 5 ns, respectively, as shown in Fig. 6.

Another factor influencing the temporal dependence of the
amage rate is the proposed scheme of rastering the proton beam
Fig. 6. LANSCE beam pulse structure for F3.

on the target. Alternating beam macropulses are directed onto one
of the target sections.

For each macropulse, the beam is rastered on the target as
depicted in Fig. 7. A slow vertical slew (relative to the horizontal
slew) is applied to the beam that passes the beam exactly once over
the beam footprint’s 60-mm height during the 750-�s macropulse,
corresponding to a vertical slew rate of 80 m/s. In the horizontal
direction, the proposed beam raster system uses a combination of
20- and 60-kHz magnets to provide nearly linear oscillation of the
beam that traces the beam back and forth over the 15-mm beam
footprint width every 50 �s, for a horizontal slew rate of 600 m/s.
This cycle (back and forth) is repeated 15 times over the 750-�s
macropulse. When combined with the vertical slew, the raster
scheme produces the raster pattern depicted in Fig. 7. The beam
optics have been designed to produce a nominal beam spot size on
target of 3 mm FWHM horizontal by 8 mm FWHM vertical, with
nominally Gaussian distribution in both dimensions.

The radiation transport code MCNPX was used to calculate the
time dependence of atomic displacements in iron at the position
in the fuel irradiation region where the time-averaged radiation
damage rate is highest. The raster pattern was approximated in
the MCNPX simulation by stepping the beam over the raster pat-
tern in 5-�s increments. That is, the beam was allowed to dwell
in a spot for 5 �s, then moved to the next point for 5 �s. A mesh
tally of the source protons confirmed the suitability of this approx-
imation. In reality, the 750-�s macropulse is comprised of 150,000
micropulses. As this was too much detail to include in the simula-
ations at MaRIE’S fission fusion facility, Fusion Eng. Des. (2011),

Fig. 7. Geometric representation of the beam raster pattern on the F3 target.

dx.doi.org/10.1016/j.fusengdes.2010.11.032


ARTICLE IN PRESSG Model

FUSION-5473; No. of Pages 4

4 E.J. Pitcher / Fusion Engineering and Design xxx (2010) xxx–xxx

a
o
(
b

s
a
t
i
i
t

u
w
r
p
c
p
t
w
r

t
e
p
t
i
d
p
t
t
t
d

[
[

[
[

[5] L.S. Waters (Ed.), MCNPX User’s Manual, Los Alamos National Laboratory report
Fig. 8. Displacement rate at the peak flux position for 1-MW beam power.

tion damage region. The simulation assumed 1 MW beam power
n target. As mentioned earlier, the displacement rate varies as
beam power)0.8. While the nominal F3 beam power has not yet
een fixed, it will probably be in the range of one to several MW.

The atomic displacement tally was placed within a 10-mm-high
ection of the fuel irradiation region having the highest time-
veraged flux, and the beam was directed onto the target closest to
his tally volume. The tallied displacement rate for iron is shown
n Fig. 8. At 1 MW beam power, the mean displacement rate dur-
ng a beam macropulse is 1.68 × 10−5 dpa/s, corresponding to a
ime-averaged rate of 1.26 × 10−6 dpa/s.

Several structures are evident. First, one can see a general
pward trend in the dpa rate before 375 �s, and a general down-
ard trend after that, which is due to the vertical slew of the

astered beam. Second, one observes a saw tooth pattern super-
osed on the trend due to the vertical slew, caused by the horizontal
omponent of the beam raster. The local minima in the saw tooth
attern correspond to the points in time when the beam is at
he horizontal position farthest from the fuel irradiation region,
hile the local maxima occur when the beam is closest to this

egion.
The displacement rate dependence on the micropulse struc-

ure is shown in Fig. 9. The proton micropulse structure is clearly
vident in the calculated displacement rate, showing a peak dis-
lacement rate of 3 × 10−4 dpa/s, more than 200 times greater than
he time-averaged displacement rate. This micropulse simulation
s performed at a point in time when the beam is closest to the
isplacement tally volume. For this case, source neutrons from
Please cite this article in press as: E.J. Pitcher, Fusion materials irradi
doi:10.1016/j.fusengdes.2010.11.032

roton-induced spallation reactions are created as close as 8 mm
o the tally volume. It takes a 1-MeV source neutron about 600 ps
o traverse this 8 mm distance. Hence it is entirely plausible that
he beam micropulse structure would manifest itself in the tallied
isplacement rate.

[
[
[
[

Fig. 9. Displacement rate dependence on beam micropulse structure.

If a significant fraction of iron atoms is involved in dam-
age cascades at any point in time, there is the potential that
the cascades may overlap one another, which would likely
influence cascade evolution. In a spallation source, the major-
ity of neutrons are born with kinetic energies of a few MeV.
Molecular dynamics simulations [9] indicate the volume needed
to completely encompass a damage cascade caused by a 2.2-
MeV neutron is a cube 30 nm on a side (filled by 2.2 million
atoms), and the duration of the cascade is no more than 30 ps.
Thus the fraction of atoms involved in a damage cascade dur-
ing the time of peak displacement rate of 3 × 10−4 dpa/s is
(3 × 10−4 displ/atom/s)(2.2 × 106 atoms/cascade)(30 ps)/(216 displ/
cascade) = 10−10. Given this miniscule fraction, the proton beam
pulse structure of the F3 does not produce overlapping cascades.
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