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ATfilef history: The necessity of a neutron source for fusion materials research was identified already in the 70s. Though
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cial transmutations are typically above fission neutrons spectrum. The generation of He via *®Fe (n,x)
53Cr in future fusion reactors with around 12 appm/dpa will lead to swelling and structural materials
embrittlement. Existing neutron sources, namely fission reactors or spallation sources lead to different

Keywords: degradation, attempts for extrapolation are unsuccessful given the absence of experimental observations
IFMIF in the operational ranges of a fusion reactor. Neutrons with a broad peak at 14 MeV can be generated
Lithium with Li(d,xn) reactions; the technological efforts that started with FMIT in the early 80s have finally ma-
Deuterons tured with the success of IFMIF/EVEDA under the Broader Approach Agreement. The status today of five

Liquid target
Fusion materials
DONES

A-FNS

technological challenges, perceived in the past as most critical, are addressed. These are: 1. the feasibil-
ity of IFMIF accelerators, 2. the long term stability of lithium flow at IFMIF nominal conditions, 3. the
potential instabilities in the lithium screen induced by the 2 x5 MW impacting deuteron beam, 4. the
uniformity of temperature in the specimens during irradiation, and 5. the validity of data provided with
small specimens. Other ideas for fusion material testing have been considered, but they possibly are ei-
ther not technologically feasible if fixed targets are considered or would require the results of a Li(d,xn)
facility to be reliably designed. In addition, today we know beyond reasonable doubt that the cost of
IFMIF, consistently estimated throughout decades, is marginal compared with the cost of a fusion reactor.
The less ambitious DEMO reactor performance being considered correlates with a lower need of fusion
neutrons flux; thus IFMIF with its two accelerators is possibly not needed since with only one acceler-
ator as the European DONES or the Japanese A-FNS propose, the present needs > 10 dpa/fpy would be
fulfilled. World fusion roadmaps stipulate a fusion relevant neutron source by the middle of next decade,
the success of IFMIF/EVEDA phase is materializing this four decades old dream.
© 2016 Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The endeavours towards making a fusion relevant neutron
source available for fusion materials qualification (and develop-
ment), a decades old pending essential step of world nuclear fusion

* Corresponding author. . . . .
P ¢ community, is coming to an end. In future fusion power plants, the
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reactor vessel’s first wall will be exposed to neutron fluxes in the
order of 10’ m~2s-! with an energy of 14.1 MeV causing poten-
tially > 15 dpa per year of operation [1,2]. The plasma facing com-
ponents shall withstand the severe irradiation conditions without
significant degradation for a period long enough to make a power
plant viable and economically interesting. ITER, with its estimated
maximum of 3 dpa of irradiation exposure at the end of its opera-
tional life, does not need the results from a fusion relevant neutron
source for its licensing. However, an understanding of the mechan-
ical properties of the structural materials exposed to high fluences
of fusion neutrons will be soon indispensable to design next gen-
eration of fusion reactors with guarantees of obtaining the facility
license and its reliable operation.

The accumulation of gas in the materials microstructure is
intimately related with the impacting neutron energy; in steels
54Fe(n,)°!Cr and >*Fe(n,p)°*Mn reactions are responsible for most
of the «-particles and protons produced with incident neutron
energy thresholds at around 3 MeV and 1MeV respectively. Thus
fission neutron sources, which show an average energy around
<2MeV as per Watt's distribution spectrum, cannot adequately
suit the testing requirements for fusion materials since the trans-
muted helium production rates are far from fusion reactor’s
(actually around 0.3 appm He/dpa compared with around 11
appm He/dpa for 14 MeV neutrons) [3]. In turn, spallation sources
presents a pulsed neutron spectrum with long tails reaching the
typically GeV order of the incident particle energy, compared with
the mono-energetic continuous spectrum of fusion neutrons, that
might induce thermal effects in irradiated materials (that can be
small, but are unavoidable) and generates light ions as transmu-
tation products [4]). Attempts to overcome the absence of a fusion
relevant neutron source and simulate the impact of the accumu-
lation of helium follow the bombarding of suitable materials in
cyclotron facilities, with «-particles at energies ranging from 20
to 100 MeV, that leads to He/dpa ratios of 10,000 appm/dpa and
Bragg peaks typically in the um range difficult to characterize [5].

All efforts to overcome the absence of a fusion relevant neu-
tron source are not capable to reach the required maturity of the
understanding of the behaviour of the structural materials exposed
to the high fluxes of monoenergetic 14.1 MeV fusion neutrons in
future reactors.

2. Four decades of efforts towards a fusion relevant neutron
source

The seminal idea to use Li(d,xn) nuclear stripping reactions
[6] towards a fusion relevant neutron was proposed in 1975 [7],
with a prompt reaction [8] that ended within few years with
the proposal of the Fusion Materials Irradiation Testing (FMIT) fa-
cility [9] in the US. FMIT aimed at obtaining a neutron flux of
10 m~2s~! in a 10 cm3 volume by means of a deuteron accelera-
tor of 100 mA in continuous wave (CW) and an energy of 35 MeV
colliding on a flowing lithium jet exposed to the bean vacuum. The
project started with enthusiasm; validating prototypes of the Ac-
celerator, Target and Test facility were constructed. However, the
combination of the technical difficulties faced with the prototype
accelerator and the lack of urgency of such a facility without fu-
sion power in the horizon led to the cancellation of the project in
1984.

The International Energy Agency (IEA) fostered a series of re-
gional meetings the ensuing years in the US, Europe, and Japan,
which culminated early 1989 in an international workshop con-
cluding that a Li(d,xn) facility was the most promising candidate
[10] for a fusion relevant neutron source. In line with this con-
clusion, JAERI proposed in 1988 the Energy Selective Neutron Ir-
radiation Test (ESNIT) facility with 50 mA CW, 40 MeV deuteron
beam and a 125cm3 testing volume with a neutron flux of

3x108 m~2s-! [11], in parallel with other initiatives in the US
[12].

In 1994, the International Fusion Materials Irradiation Facility
(IFMIF) became the reference concept within the Fusion commu-
nity. Since this time, the project has successfully passed through
its Conceptual Design Activity (CDA) phase in 1996 [13] as a joint
effort of the EU, Japan, the RF, and the US within the frame-
work of the Fusion Materials Implementing Agreement of the IEA.
The release of its Conceptual Design Report (CDR) co-authored
by a team from the four aforementioned in 2004 [14]; and in
2007, the Broader Approach Agreement signed between EU and
Japan (entered into force in June 2007), in support of the ITER
project towards an early realisation of fusion energy for peaceful
purposes, which included the IFMIF/EVEDA project (where EVEDA
stands for Engineering Validation and Engineering Design Activi-
ties). IFMIF/EVEDA received the mandate to produce an integrated
engineering design of IFMIF, and to validate continuous and stable
operation of each IFMIF subsystem.

A careful account of the genealogy of IFMIF up to the present
moment has been reported [15].

3. The on-going success of the EVEDA phase of IFMIF

The technological challenges of a Li(d,xn) neutron source have
been overcome through the intense four decades of continuous
worldwide research efforts. Its present maturity [16] has enjoyed
the previous stages before this definitive EVEDA phase. Difficulties
appeared on the road have been eventually overcome; only pend-
ing technical challenge is the demonstration of the feasibility of
the CW operation of a deuteron beam at 125 mA for long periods
and at the high availabilities needed.

The mandate of EVEDA and the maturity of its validation activ-
ities will be explained. The validation work carried out has been
substantially broader than what will be detailed, where only the
most significant achievements will be addressed. An overview of
the full scope of the validation activities has been detailed else-
where [17].

3.1. The accomplished Engineering Design Activities (EDA) phase of
IFMIF

The initial allocated time for IFMIF/EVEDA under the BA Agree-
ment was six years; insufficient time to achieve the full validation
scope expected; thus the validation activities were not fully com-
pleted when the Engineering Design Activities (EDA) phase ended
on schedule in June 2013. However, the maturity of the on-going
validation activities in 2013, backed by the previous decades of de-
velopment work, allowed the release of the IFMIF Intermediate En-
gineering Design Report (IIEDR) [15]. The status of the project and
of the Engineering Validation Activities (EVA) phase at the time of
the accomplishment of the EDA phase has been reported elsewhere
[16,17,18].

IFMIF will generate a neutron flux with a broad peak at 14 MeV
thanks to two parallel 125 mA CW deuteron accelerators at 40 MeV
colliding with a footprint of 200 mm x 50 mm in a liquid lithium
screen. The lithium target will be flowing at 15m/s with a sta-
ble thickness of 25 +/—1mm to fully absorb and evacuate the
2x5 MW beam power. The 40 MeV energy of the beam and the
2 x 125 mA current of the parallel accelerators have been tuned to
reach a comparable neutron flux (10'® m—2s~1) to the one expected
in the most exposed structural materials of a fusion power reactor.
An irradiation volume of 500 cm3 will contain 12 independently
cooled capsules housing each around 2 x40 small specimens for
a total of around 1000 specimens. Each capsule can be indepen-
dently cooled at a target temperature ranging 250°C < T <550°C
with the specimens presenting a AT <3% during irradiation
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Fig. 1. Artistic bird’s eye view of the IFMIF [REF].

(this % refers to Kelvin units). The neutron flux provided and the
design of its High Flux Test Module containing the 12 capsules di-
rectly irradiated allows > 20 dpa per year of operation at fusion
relevant conditions. The Test Cell is designed to also house a Mid-
dle and a Low Flux test Module for higher volumes but lower dpa
capabilities. IFMIF is conceived for 30 years of operation [19].

The IFMIF plant is composed of 5 specific facilities grouped into
the Accelerator Facility (AF), the Lithium Target Facility (LF), the
Test Facility (TF), the Post Irradiation Examination Facility (PIEF)
and the Conventional Facilities (CF). The latter group of systems
ensure power, cooling, ventilation, rooms and services to the other
facilities and itself [15]. An artistic view of IFMIF plant is shown in
Fig. 1.

The IIEDR is composed by five major elements: (a) an Executive
Summary that explains the status of the project at the time of the
accomplishment of the EDA phase; (b) the IFMIF Plant Design De-
scription (PDD), that summarizes the content of the full IIEDR con-
sisting of more than 100 technical reports; (c) a careful cost and
schedule report, based on the experience gained with the construc-
tion of prototypes during the EVA phase and the analysis of recog-
nised Japanese and European engineering companies; (d) Annexes
to the PDD; and (e) 34 Detailed Design Description documents of
all the sub-systems supporting the PDD.

An improvement in the design from former phases has been
developed during EVEDA Phase [20], being the most relevant ones:
(a) the Alvarez-type Drift Tube Linac (DTL) in the Accelerator Facil-
ity has been replaced by a Superconducting Radio-Frequency (RF)
Linac following the demonstration of feasibility of superconducting
cavities for low-f protons, presenting a simplification of the RF
system and significant reduction of operational power consump-
tion; (b) the configuration of the Test Cell evolved as in the present
design, where the irradiation modules have no more a shielding
function and are thus detached from the shielding block, improv-
ing the irradiation flexibility and reliability of the remote handling
equipment and cost reducing; (c) the Quench Tank of the Lithium
loop, previously inside the Test Cell, has been re-located outside
reducing the tritium production rate and simplifying the mainte-
nance processes; (d) the maintenance strategy together with the
management of the irradiated samples has been modified to allow
a shorter yearly stop of the irradiation operations.

3.2. The Engineering Validation Activities (EVA) phase of IFMIF

The validation activities focused on the three most technolog-
ically challenging equipment, namely, the accelerator, the lithium
loop and the test modules addressing all possible aspects to allow
a rapid construction, with no technological challenges remaining
open whenever the decision for its construction arrived, and allow-
ing the continuous and stable operation of each IFMIF subsystem.
The activities were substantially wider that what is here reported,

details of the full scope are provided elsewhere [17]. All the Target
Facility validation activities (with the exception of on-going corro-
sion/erosion tests in LIFUSG6 lithium loop in operation in Brasimone
[21]) have been accomplished [22]. All the Test facility validation
activities have been accomplished [23]. Only the prototype accel-
erator under installation and commissioning in the International
Fusion Energy Research Center (IFERC) of Rokkasho remains to be
validated [24].

3.2.1. LIPAc, the Linear IFMIF Prototype Accelerator

LIPAc, the Linear IFMIF Prototype Accelerator, designed and con-
structed in Europe and under installation and commission in the
IFERC site of Rokkasho will operate in CW 125 mA deuteron beam
at 9 MeV [24]. LIPAc implements most modern and reliable avail-
able accelerator technologies to demonstrate feasibility of its nom-
inal operational performance. The breakdown of its contribution is
shown in Fig. 2. It implements the 2.45GHz and the 875 Gauss
Electro-cyclotron resonance concept of Chalk River [25] (and suc-
cessfully operated in SILHI [26] since the 90s) at 140 mA and
100kV with a 5 electrode beam extraction system. The extracted
beam is matched to the RFQ entrance thanks to a dual solenoid
focusing scheme; in turn, the transverse emittance values at the
output of the LEBT < 0.3 7 mm-mrad and 95% D™ fraction will al-
low a transmission > 90% at the 5MeV output of the RFQ [27] as
per simulations performed. The RFQ follows the four vanes design
[28] of LEDA, successfully operated in Europe in TRASCO [29] to
accelerate the beam to 5MeV along its 9.8 m length. The valida-
tion of the tuning and stabilization procedures were established
following low power tests on an aluminum real-scale RFQ [30],
which determined the mode spectra and the electric field distribu-
tion with the bead pulling technique applying a novel perturbation
theory developed in INFN [31]. The 125 mA beam commissioning
with low duty cycles through the RFQ is scheduled during 2016.
The 5MeV beam at the output of the RFQ will be matched and
bunched in the MEBT before its injection in the superconducting
SRF linac to be accelerated up to 9 MeV.

IFMIF accelerators will take the beam up to full nominal en-
ergy in three ensuing stages of 14, 26 and 40 MeV in three cor-
responding superconducting cryomodules of design similar to LI-
PAc’s. The validation of IFMIF accelerators is achieved by succeed-
ing in operating at 9 MeV at its 1st cryomodule as explained in
Section 4.1 ‘About feasibility of IFMIF accelerators’.

3.2.2. ELTL, the EVEDA Lithium Test Loop

ELTL, the EVEDA Lithium Test Loop was designed and con-
structed by JAEA in collaboration with Japanese industries [32].
Unfortunately, the Great East Japan Earthquake of March 2011
damaged the ELTL just few days after its successful commissioning;
the operation was suspended for 16 months to allow for a care-
ful inspection and repair. The validation phase could only start in
September 2012 limiting the operational time and available bud-
get. With its 5m3 of lithium, the ELTL is the largest world lithium
loop to date; it has been operating in Oarai until October 2014. The
main loop consists of 304 L AISI stainless steel 6-inch circulation
pipes, a quench tank, an electromagnetic pump, an electromagnetic
flow meter, a heat exchanger, cold traps and suitable liquid metal
valves. The tanks are connected to an argon gas system and vac-
uum pumps in order to control pressure and to evacuate and ex-
pose the lithium jet to IFMIF operational vacuum values (1073 Pa).
Capable to operate at 250-350°C range at up to 20 m/s flow rate,
the validating target assembly comprised the flow straightener,
the double contraction nozzle, and the R250 mm backplate as per
Nitti shape [33]. Lithium flows into the double reducer nozzle,
and the 25mm thick Li target is formed with a reduced width
(100 mm compared with the 260 mm of IFMIF) along the concave
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backplate. A window allowed the observation and measurement of
the lithium flow in the validating target.

The validation of the operational flow conditions of IFMIF was
achieved in the ELTL as explained in Section 4.2 ‘About long term
stability of lithium flow at IFMIF nominal conditions’.

3.2.3. HFTM-DC, the High Flux Test Module Double Compartment

HFTM-DC, the High Flux Test Module Double Compartment de-
signed and constructed in KIT is a full scale prototype of the HFTM
of IFMIF, where only 2 compartments will be available (compared
with the 4 directly irradiated compartments of the HFTM of IFMIF
with three rigs each capable of housing a total ~1000 small spec-
imens) [34]. Small specimens filled the capsules, thermalized with
NaK, and with Thermocoax heaters, were instrumented with 17
thermocouples to observe the specified feasibility of the AT <
+/—-3% of 80% of specimen stack. The HFTM-DC was installed in
the HELOKA-LP, the Helium Loop Karlsruhe - Low Pressure design
to provide coolant at IFMIF's HFTM operational conditions (mass
flow 12-120 g/s, inlet pressure 0.3-0.6 MPa, inlet temperature RT-
250°C) [35].

The validation of the temperature uniformity in small speci-
mens inserted in the irradiated capsules during operation of IFMIF
HFTM was achieved in the HFTM-DC installed in the HELOKA-LP
as explained in Section 4.4 ‘About the uniformity of temperature
in specimens during irradiation’ and 4.5 ‘About the validity of data
provided with small specimens’.

4. About the five major historical concerns of feasibility of
IFMIF

The technological challenges of IFMIF have been overcome
thanks to the research efforts that with continuity have been in
place since the late 70s. We have selected what can be considered
the five major historical ones.

4.1. About feasibility of IFMIF accelerators

The operation of proton or deuteron accelerators at high cur-
rents in CW has been subject of intense developments efforts
driven by its enormous technological interest due to the number of
possible applications, among which fusion materials research has
been one of the drivers of these endeavours since the 80s. The first
attempt was framed by FMIT and it was unsuccessful; its 100 mA
2MeV H,* beam basically burnt its RFQ when ramping up the
duty cycle [36]. The quality of the beam injected with a hot cath-
ode approach was very poor demanding above double beam cur-
rent to reach the Hy™ wished input current (species fraction was
below 50%). The understanding of beam physics under high space
charge phenomena was insufficient to properly steer the beam.

The accelerator know-how has matured in all possible aspects
since the times of FMIT conception in the 70s; today operating
125 mA deuteron beam at 40 MeV in CW with high availabilities
seems feasible thanks to three main technological breakthroughs
in accelerator technology [37]: (1) the ECR ion source for light ions
developed in Chalk River Laboratories in the early 90s [25], (2) the
RFQ operation of H* in CW with 100 mA demonstrated by LEDA in
LANL in the late 90s [38], and (3) the growing maturity of super-
conducting resonators for light hadrons and low-f beams achieved
in recent years [39].

The main difficulty to overcome in high current accelerators
is related with space charge phenomena induced by non-gaussian
interparticle repulsive forces leading to beam emittance growth,
that vanishes in relativistic domain; this effect being stronger the
lower the energy, the successful demonstration of 125 mA in CW
at 9 MeV will validate the 40 MeV operational specified values of

IFMIF [40]. LIPAc matches the design of IFMIF accelerators up to
its 1st superconducting cryomodule (see Fig. 2).

The accelerating cavities chosen, 175MHz Half-Wave Res-
onators (HWR), are suitable for high current applications with
low-B beams, keeping most of the more widely used Quarter-
Wave Resonators (QWR) virtues without their main drawback (the
asymmetry of its shape, might cause an undesired beam steering).
Experience with HWR with light hadrons is limited and difficulties
related with microphonics or ponderomotive instabilities might be
encountered [41], but should not become a showstopper.

4.2. About long term stability of lithium flow at IFMIF nominal
conditions

The lithium screen serving as beam target presents two main
functions: (1) react with the deuterons to generate a stable neu-
tron flux in the forward direction and (2) dissipate the beam
power in a continuous manner [42]. The impossibility for any
known material to be directly bombarded by the deuteron flux for
long periods constrains the lithium jet to operate with a free sur-
face matching the beam footprint exposed to the vacuum condi-
tions present in the beam line. Furthermore, the jet must also be
thick enough to completely absorb the deuteron beam, but also to
maximize the neutron flux and available high flux tested volume,
thus the jet and its guiding structural back wall must be kept as
thin as possible. The distance of the High Flux Test Module to the
backplate wall has a strong influence on the neutron flux available
for material testing; actually calculations show around 1% reduc-
tion per mm increased distance [43].

The long term operational conditions of the lithium target to
ensure the absorption of the 2 x5 MW deuteron beam are severe.
The 25 mm thick lithium screen must flow at 15m/s at a temper-
ature of 250°C exposed to beam vacuum (pressure specified on
the lithium surface is 10-3 Pa) with thickness variation driven by
potential waves in the surface within +/1 mm. These are consid-
ered safe operational conditions given that the range in lithium of
deuterons at 40 MeV is of ~20 mm.

In September 2014, during 25 consecutive days the ELTL (see
Fig. 3) was operating 24 h/day at 15m/s flow speed and 250°C
[22]. The overlap of 12 measurements of the thickness spanned
during this period showed the fulfilment of this challenging
requirement (see Fig. 5) disregarding edge effects. Surface was
measured with special developed contact and interferometric tools
[44].

It is relevant to note that the feasibility of the yearly remote
removal of the backplate wall without welding thanks to the bay-
onet concept developed in ENEA [45] will allow the achievement
of the required tight operational tolerances between the backplate
and the main irradiation modules (see Fig. 4).

4.3. About potential instabilities in the lithium screen induced by the
2 x5 MW colliding deuteron beam

The beam - target interaction was subject of careful theoret-
ical study for FMIT reaching analytical expressions for the maxi-
mum possible perturbances induced by beam momentum trans-
fer or density gradients [46]. It is to be noted that beam power
density in FMIT was x10 higher than the 1 GW/m? of IFMIF, and
the perturbances depend strongly on this parameter [47]. In IFMIF,
the heat is evacuated with the 15m/s flowing liquid lithium ex-
posed to the accelerator high vacuum in the target area. The aver-
age temperature rise in the liquid is ~50°C due to the fast cross
flow allowing a short exposure of 3.3ms to the two concurrent
5 MW deuteron beams and high heat capacity of lithium. The heat
removal system of the main lithium loop circulates the 97.5 I/s
lithium flow from the exit of the beam target to a 1.2 m3 quench
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Fig. 2. Comparison of IFMIF accelerators and LIPAc, matched up to the 1st accelerator stage at 9 MeV and breakdown of the contribution for LIPAc, presently under installation
and commissioning in the International Fusion Energy Research Center (IFERC) in Rokkasho (Japan), by European and Japanese laboratories.

Fig. 3. The ELTL upon its construction on November 2010 with the team involved
[17].

tank, where it is slowed down and thermally homogenized before
it flows to the electromagnetic pump. The lithium is then cooled
to 250 250 °C by a serial of heat exchangers [48]. The temperature
reached during operation in the lithium surface exposed to accel-
erator deuteron beam vacuum is 301 °C [42].

The flowing lithium is shaped and accelerated in proximity of
the beam interaction region by the validated two-stage reducer
nozzle to form the concave jet of 25mm thickness channeled

by the backplate wall. This last exhibits a radius of curvature of
250 mm in the beam footprint area, that builds a centrifugal ac-
celeration of 90 g. This compression raises the boiling point of the
flowing lithium guaranteeing stable liquid phase in Bragg’'s maxi-
mum heat absorption regions where the peak temperature reaches
687.5K [42], in a region where the pressure induced by the con-
cave shape of the backplate takes the saturation temperature Ts,
i.e., the boiling temperature > 1000°C (see Fig. 6). In turn, pres-
sure waves amplitudes are damped down by centrifugal pressures
(32Pa maximum pressure driven by beam momentum transfer
compared with the centrifugal pressures induced by the concave
backwall plate in the order of kPa) [42].

Theoretically, a situation with lithium temperatures beyond sat-
uration ones could cause dramatic instabilities in the lithium sur-
face induced by boiling. Despite the design efforts in IFMIF not to
enter into over-saturation scenarios, recent experiments framed by
the Facility for Rare Isotope Beams (FRIB) with a 4.6 mA proton
beam at 65 kV, with a beam Gaussian size o =0.7 mm colliding on
a lithium jet confirmed the severe super saturation conditions that
lithium can hold without nucleation due to its high surface ten-
sion [27]. The proton beam collided in a 14 mm wide and 10 um
thick lithium screen flowing at 50 m/s; the range being of <2 um
thick released a power density of > 103 times higher than the
150 kW/cm? power densities of IFMIF in Bragg’s peak regions [49].

4.4. About the uniformity of temperature in specimens during
irradiation

The AT measured in the stack of small specimens instrumented
in the HFTM prototype rigs assembled in the HFTM-DC tested in
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Fig. 4. Top left: 3D model of the HFTM of IFMIF with the beam footprint indicated.
Bottom left: 3D model of the HFTM-DC, with two compartments instead of the 4
that IFMIF will have. Right: the full scale prototype of the HFTM-DC during its in-
stallation in the HELOKA-LP.
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Fig. 5. Measurements of surface wave amplitudes along the target width of the
ELTL where a stable shape within +/—0.5 mm, disregarding edge effects, can be ob-
served during 25 days continuous operation.

the HELOKA-LP (see Fig. 4) was within the target 3% in 97% of the
capsule volume and successfully tested in the temperature range
250°C<T <550°C [23]. In addition, three capsules filled with
small specimens and thermalized with NaK were irradiated in the
experimental reactor of SCK-CEN in Mol providing essential infor-
mation towards an enhancement of the reliability of the design.
The irradiation tests showed some hints of possible degradation
of thermocouples and capsule heaters, but the appearance of a
wetting leak of NaK from one capsule did not allow obtaining
conclusive results. Reaching the wished reliability of the irradiated
capsules during one future testing campaign needs further studies.
The feasibility of the capsules remote NaK filling and specimens
handling in a hot cell environment was also demonstrated (see
Fig. 7). The potential corrosion suffered by RAFM steels exposed

0 2 4 6 8 10 12 14 16 18 20 22 24 26

distance from back plate wall
mm

Fig. 6. Tmax envelope in the beam footprint under nominal conditions at different
depths (in green) vs Ts corresponding to the centrifugal pressure in the flowing
lithium (in red). 615K corresponds to the beam line pressure of 0.001 Pa [42]. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).

Fig. 7. Remote handling of specimens in hot cell environment with a special devel-
oped manipulator.

to NaK was also assessed thanks to the exposure of the specimens
immersed in NaK up to 6 months at around 500°C with no
relevant impact beyond few um depth measured traces of NaK
and no observable degradation of mechanical properties.

4.5. About the validity of data provided with small specimens

The developments of small size specimens for fusion materi-
als mechanical characterization started with FMIT in the early 80s,
framed by the US fusion program [50], and have continued unin-
terruptedly since then [51]. It is a technique widely used for many
decades in fission materials research with typically 1in. in ma-
jor dimensions; though the availability of fission neutrons is not
compromised, volumes are also to be optimized. Despite its obvi-
ous success in characterizing fission materials, an overall normal-
ization is missing and suitable standards for small specimens are
only available for Charpy [52] and fracture toughness estimation
through the Master Curve method for ferritic steels [53]. Mechan-
ical properties are intensive, thus they do not depend on the size
of the test specimen if a sufficient number of grains across its di-
mensions is present.
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Under the EVEDA phase, JAEA, in collaboration with Japanese
universities and NIFS, studied the small specimens for fracture
toughness (in particular ductile to brittle transition temperature),
fatigue at the relevant number of cycles of DEMO and ensuing fu-
sion power plants, and fatigue crack growth. These were the prop-
erties considered to require further development, that in addition
to tensile data, impact properties, creep and fatigue crack growth
[54] would accomplish the mechanical characterization of a given
material at the desired temperature following the irradiation > 20
dpaly expected in IFMIF (with two sets of ~40 small specimens
per capsule) (see Fig. 8).

Fatigue: The tests with round-bar type specimens having diam-
eters between 1 and 10 mm showed no size effects (the hourglass
flat specimens showed some shortening of life compared with full
size standard specimens due to stress concentrations enhancing
crack initiation) [55].

Fracture toughness: specimens % Compact Tension (CT) spec-
imens were tested. The master curve defined in ASTM E1921
developed for ferritic steels pressure vessels of fission reactors
Kje=30+70e0019(T-T0) "where K. is the average fracture toughness
and To the test reference temperature at which the median of the
Kjc distribution from 1” size specimens will equal 100 MPa(m)%3,
did not work for the fusion reactors ferritic martensitic steel F82H.
However, a modified version Kj. =20+ 70e%%(T-T0) worked [56].

Crack growth rate: Tests using H* charging technique were
performed to examine the effect of hydrogen on crack growth
in F82H steel. A small-size specimen ' CT with wedge open-
ing load steel was developed. The estimated crack growth rate at
30 MPa(m)%5 in water at 288 °C provided suitable data that suc-
cessful validated the method [57]. However, slight differences in
the results from 1 CT standard size (in particular 0.4 CT and 0.6
CT) were obtained from previous results.

The shape defined for the three properties selected showed
conclusive results [54]. No further iterations on this respect are
needed, however a Round-Robin exercise between various labora-
tories will be still required towards a standardization. The mechan-
ical properties provided by IFMIF will be undoubtedly accepted
by the design engineers for the accomplishment of the design of
DEMO reactor; however the corresponding licensing bodies will in-
quire about their validity. Fission power plants are in operation
without standards backing their 1” small specimens used, but fu-
sion neutrons are significantly more degrading and IFMIF will be
the only fusion relevant source available. An efficient use of its op-
erational time is essential, standards or IAEA guidelines for all the
small specimens of the Test Matrix designed and defined to fit in
IFMIF irradiation capsules must be timely accomplished before the
start of operation of any Li(d,xn) fusion relevant neutron source.

5. Perspectives for a Li(d,xn) fusion relevant neutron source

The conceptual design of IFMIF suited the irradiation needs
framed by the construction of DEMO, which has evolved towards
a lower fusion power since the 90s when IFMIF performance was
conceived. Therefore, IFMIF’s original specified irradiation levels
> 20 dpa/year on the structural materials specimens can be re-
duced accordingly. Finding suitable parameters of the facility to
reach needed neutron fluxes and spectrum is straightforward given
the excellent understanding of the d-Li nuclear reactions cross sec-
tions up to 50 MeV [58], the design of IFMIF proposed [15] and
the validated activities under EVEDA phase [17]. An optimal use
of the accelerators design as per the IFMIF design would imply
deuteron energies at either 9, 14, 26 or 40 MeV. The neutron spec-
trum broad peak, the Bragg peak and the relative «-particle gener-
ation for such deuteron energies are shown in Table 1.

A careful assessment of the optimal choice of parameters have
been carried out [43]. Furthermore, the shallower the range is,

Table 1
Neutron spectrum broad peak, Bragg peak of deuterons in lithium and relative cross
section for a-particle generation for potential available deuteron beam energies.

Deuteron energy  n spectrum broad Bragg peak mm Relative cross

MeV peak MeV section
%6Fe(n,a)*3Cr
9 ~4 1 2.5%1073
14 ~6 3 9x10°3
26 ~10 7 0.5
40 ~15 19 1
B —
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Fig. 8. Small specimens defined for the Test Matrix of IFMIF that fit in a number of
~80 in each irradiation capsule (2 sets of needed specimens for the full characteri-
zation of a given material at the chosen irradiation temperature) [17,19,23,54].

the higher volumetric power density deposition of the deuteron
beam in the lithium screen becomes, which would induce a severe
impact on the design of the lithium loop and beam target spec-
ifications. Therefore, the optimal choice to adapt to the reduced
fusion power of DEMO is to consider a Li(d,xn) fusion relevant
neutron source with one only accelerator at IFMIF’s specifications,
i.e.,, 125 mA in CW at 40 MeV. These beam characteristics would
maximize the neutron flux and the validated hardware during
this EVEDA phase (in particular the accelerator and lithium loop)
would be directly usable.

World fusion roadmaps foresee the start of the construction of
DEMO in the 30s, therefore data on structural materials degrada-
tion is needed the 2nd half of next decade. Following the achieve-
ments of this EVEDA phase, ideas towards the construction of the
simplified version of IFMIF with one only accelerator line are ma-
turing in Japan with A-FNS [59] and Europe with DONES [60] (see
Fig. 9). The cost of construction, operation and decommissioning
of IFMIF has been carefully assessed, backed with the known cost
of prototypes and support of engineering companies in Japan and
Europe coinciding consistently with all previous estimations of for-
mer phases. Within less than 10 years from the project approval
and around 1 billion euros, 14 MeV neutrons with suitable fluxes
would be available for fusion materials testing. Thanks to the suc-
cessful validation activities during this on-going EVEDA phase, no
technical showstoppers are present that could jeopardize this pro-
gram. Details on construction schedule and cost have been pub-
lished [15]. The decision of constructing the simplified version of
IFMIF, would have a significant impact on cost reduction and faster
schedule (around 1 year anticipation). In particular, A-FNS will
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Fig. 9. Artistic bird’s eye view of the DONES [60].

profit from LIPAc facilities already available in the IFERC site of
Rokkasho.

5. Conclusions

Forty years of worldwide research endeavors towards the
demonstration of the technological feasibility of a fusion relevant
neutron source are coming to an end [8,15]. The EVEDA phase
of IFMIF has accomplished successfully the Target and Test facil-
ity validation activities. Main challenges have been overcome and
doubts about the technical feasibility are vanishing. The efforts of
FMIT in the 80s have been essential for this success; the lessons
learnt were crucial, not only for fusion materials research present
maturity, but also for modern Accelerator Driven Systems (ADS)
and liquid metals technologies.

The ELTL of Oarai has demonstrated the feasibility of the long
term stability of the 250 °C lithium flow along the R250 mm con-
cave backplate with the two staged Nitti profile [33] and the liquid
target thickness of 25 mm within +/—1 mm at the required 15 m/s
[22]. It is also worth mentioning that the yearly easy replacement
of the backplate in the absence of welds has been successfully
demonstrated in Brasimone with a full scale prototype [45].

The HFTM-DC full scale prototype tested in the HELOKA-LP of
KIT has demonstrated the feasibility to reach the uniformity of
the small specimens, capable to characterize a given material at
the wished temperature within 250°C < T <550 °C, within +/—3%
during irradiation [23]. In turn, the shape of small specimens to
be housed in the irradiation rigs is defined [50,54], though further
international efforts would be required, including Round Robin ex-
ercises, towards their standardization.

The 125mA CW deuteron beam at 40 MeV will be validated
with the 125 mA CW deuteron beam at 9 MeV designed and con-
structed in Europe and under installation and commissioning in
the IFERC site of Rokkasho [24,40]. This activity remains as the
only pending one to overcome all historical doubts about the fea-
sibility of a Li(d,xn) source. The challenges of running in CW such
a high current beam are not underestimated, but accelerator tech-
nologies are today mature for such operational characteristics [37].
The expected performance of LIPAc aims at unique performances of
accelerator technologies, difficulties might still appear during the
on-going validation activities of IFMIF's accelerators, but solutions
to potential problems arisen could be found timely for a Li(d,xn)
neutron source. It is to be noted that IFMIF’s accelerator features
are equivalent to other ADS planned around the world for next
decade [61].

The times for a Li(d,xn) fusion relevant neutron source have
arrived. Other technical ideas under study, either accelerator
driven based on rotatable solid targets [62] or based on fusion
reactions [63,64], are less mature, and would demand intensive
developments to demonstrate their feasibility. Furthermore, they
would face serious structural materials degradation to reach the
needed fluences; a difficulty that IFMIF will overcome thanks

to its modular design and remote maintenance careful studies
accomplished under this EVEDA phase [15,17].

Fusion research devices up to now, including a fusion reactor
like ITER, could be designed and licensed with the available ma-
terials database obtained without neutrons at suitable energy and
fluxes; unfortunately this will not be the case for next generation
of fusion reactors. Our technology is mature to construct a Li(d,xn)
fusion relevant neutron source after four decades of international
endeavours. The cost is marginal compared to that of a fusion reac-
tor. The schedule breakdown is clearly developed, with no techni-
cal showstopper that could jeopardize its fulfillment. The necessity
of a fusion relevant neutron source is indisputable. Thanks to the
successful validation prototypes constructed in the EVEDA phase
[17,22,23,24] and the released engineering design of IFMIF [15],
that is being easily adapted to A-FNS [59,65] and DONES [43,60],
we trust to count with 14 MeV neutrons next decade for fusion
materials testing.
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