1. EUROfusion
1.1 ITER Physics
1.1.1 - FTU machine and additional systems
FTU Operations
During 2015 two experimental campaigns have been carried out on FTU, first one (C1-2015)
starting from early March to the end of June, while the second campaign foreseen in Autumn
has started at the beginning of September, but has been stopped after few days because of an
excessive level of vibrations on MFG3 generator.
The C1-2015 campaign has started with a new IC1A switch installed, but due to some
assembling issues it has not been released for the operation, so that, as a consequence, the
maximum toroidal field of FTU has been limited to 4T. This switch swaps the current flowing
into the toroidal field coils, at the end of discharge, into an external resistance where it is
dissipated. Without this switch the magnetic energy stored in toroidal field is dissipated inside
the magnetic field coils directly, increasing the coils temperature excessively, and as
consequence maximum operation magnetic field in FTU needed to be limited. Only
experimental programs compatible with such limitations have then been carried out.
In June FTU reached the goal of extending the pulse up to 4.5s (shot no. 40052) with a flat
top of 3.5 sec to 0.25 MA and 4T magnetic field, which was made in preparation for the
second experimental campaign (C2-2015) in favour of lithium limiter.
Table 1.1 - FTU Operational Delays for the year 2015

In July 2015, IC1A switches, after some assembling modifications, have been positively
tested within a set of dedicated discharges, and finally released at the end of the test.
The second experimental campaign (C2-2015) was allocated for cooled lithium limiter
experiments, but due to a leak in cooling system it has not been possible to carried out such
program. The campaign started anyway to complete other urgent program, which required full
performance of FTU, but a problem of excessive vibration alarm on the poloidal generator
(MFG3), recommended to stop the experimental session with more than 2 weeks in advance.
Inspection of MFG3 by Ansaldo Energia, the company that built the generator, confirmed the
need to halt the experimental campaign and open the generator for a closer inspection.
In 2015, 1157 shots were successfully completed during the two experimental campaigns out

Figure 1.1 - Source of downtime in FTU for the year 2015

of a total of 1286 performed in 56.5 experimental days (by the way shot # 40000 was a good
discharge with 0.5 MA and 4T). The average number of successful daily pulses was 20.5.
Table 1 reports the summary data. Figure 1.1 reports the source of downtime for 2015: Power
Supplies is the greatest cause of delay with 41,6% of the total.
FTU Data Acquisition and Control
The FSN CODAS team provides its expertise on Control, Data Acquisition and Information
technology to several FSN projects, from FTU experiments to F4E and EUROfusion work
packages.
Data acquisition systems and plant control. Most of the activities this year have been done to
upgrade the Control and Data Acquisition systems performance and usability to support FTU
long (4s) plasma discharges, while several enhancements on plant control are under way:
- two new ECRH data acquisition systems have been developed, based on a compact PXI
based acquisition unit standard, granting configurable data acquisition time windows and
an enhanced local data HMI.
- the integration in the FTU supervisor of a new cRIO-based Fast Sequence Controller has
been done.
- the development of a new cPCI acquisition unit, capable of simultaneous acquisition of 80
channels up to 500 kHz for the soft-x tomography diagnostic has been completed.
- the development of a cPCI/PXI system for the data acquisition and reference generation of
the FTU poloidal coils, based on the ITER CODAC Core System package, is under way
in the framework of the ITER CODAC – FTU CODAS collaboration.
- The new liquid nitrogen control system, based on ITER CODAC software framework, is
ongoing.

A new vibration detection system is being implemented on FTU poloidal coils power
generator MFG3
Information technology. A new network Extreme S8 matrix has been installed, realizing 1 Gb
link towards any FTU host and foreseeing 10 Gb uplinks in view of remote experiment
control projects.
A virtual VMware ESXi environment has been put in place. The system is based on a
Supermicro X7BDU (Xeon 5160 @ 3GHz / 32 GB RAM) node and two Fiberchannel
EonStore storage systems, one of which devoted to virtual machines backup. Its aim is
hosting test and production systems avoiding the proliferation of dedicated hardware
resources. The following virtual machines have been installed:
- Backend FSC, based on Windows 7 Professional, hosting the Basestar Open client to
handle FSC configuration;
- Zabbix Server, a CentOS 6.7 node monitoring the availability and the performance of
FTU IT infrastructure (network switches, WiFi access points, servers, HMI thin clients)
- Wiki server, a CentOS 6.7 node running MediaWiki to host operating procedures and
documents produced by CODAS team
- Webftu, a new version under test of the web based environment supporting FTU technical
activities.
The FTU buiding wireless infrastructure has been enhanced installing managed access points
(Aruba iAP-205).
Real Time systems. The development of real time systems has reached the following goals:
- Enhancement of the FTU feedback system with a user programmable impurity feedback,
based on the pressure readout ahead of the impurity valve. The session leader can specify
– through the specialized GUI – the amount of impurities to be injected into the torus. The
system can read and react to measurement variations with a sensitivity of one millibar.
- Density cycles in runaway generation and gas puffing suppression experiments.
- Upgrade of the feedback GUI for density reference and gas prefill readout from FTU
archive.
- Realization of a real time data acquisition system for a scanning interferometer, within the
framework of the Eurofusion work package MST2-Runaway Control. Based on MARTe
middleware, the system acquires and processes data from the CO-CO2 interferometer
calculating the density profile inversion. Data is shared with the real time control system
through reflecting memories to perform density feedback and runaway monitoring.
F4E projects and grants. The CODAS team has contributed to the Radial Neutron Camera
System Level Design (System requirement assessment – Instrumentation and Control
functional analysis) within the framework of FPA 327 specific grants 01 and 03.
-

LH System
In 2015, the Lower Hybrid (LH) system has undergone ordinary and extraordinary
maintenance. With reference to the latter, the displays showing the access conditions of the
tube room have been reprogrammed after finding and buying a compatible remote controller.
Much effort has been put in the reactivation of gyrotrons serving LH modules 3 and 8.
Concerning the former, extreme attempts based on cleaning ion pumps by means of heating
tapes have been unsuccessfully tried. After significant efforts of conditioning with no increase
of the beam current, the tube was definitely reckoned unusable. Regarding the gyrotron of LH
module 8, many units were broken and have been repaired, e.g., power supply of the gun
field, electronic boards of the modulator, optical switches in the high voltage power supply,
BiRa-based acquisition system, etc. After reactivating enough module units to perform a
pulse at high voltage with no power, the occurrence of electrical discharges inside the
gyrotron tank were recorded due to the detachment of some resistances in oil from their

places. The tube has thus undergone an intense activity consisting on disassembling,
replacement of resistance series and reassembling; oil has been filtered and treated.
Subsequently a monitoring activity of the gyrotron, with its auxiliary systems under working
conditions, has been undertaken. Preliminary indications regarding tube behaviour are
promising. In autumn, maintenance activities slowed down because of the unavailability of
the 20 kV AC, namely the high power from the electrical substation of the Frascati research
center. Several investigations were carried out in December, when, nevertheless, no further
alarm events occurred.
ECRH System
At the beginning of 2015 the FTU ECRH system was prepared to operate with 3 gyrotrons
(140Ghz-400kW-0.5s) connected at the two EC launchers. During the conditioning activities
of the first FTU campaign, 2 gyrotrons broke, one for a window damage (due to the failure in
the arc detector protection system) and the other for a short circuit in the filament. These two
gyrotrons were then prepared for the shipment to GYCOM factory for repair.
Nevertheless the ECRH system operated satisfactorily during the FTU campaign with one
gyrotron only. The available EC power was used in different experiments as MHD control,
run-away electrons formation in EC assisted breakdown plasma, density limit studies,
MARFE stabilization, assistance for LH in high density and for the Enabling Research
programme on the experimental investigation of PDIs and wave excitation by non-resonant
mm-wave beams.
1.1.2 - FTU experimental Activity
WP15-MST2-9 Mitigation of runaways, validation of runaway generation models
studies and related diagnostics in support of MST and JET activities
The WP15-MST2-9 project addresses the position control of disruption-generated runaway
electrons (RE) [see also next Paragraph on RE Control] and the determination of the critical
electric field for RE generation.

Figure 1.2 - Comparison of measured Ethr with relativistic collisional (left) and collisional+synchrotron
radiation (right) theory predictions

The work is based on plasma experiments in the FTU facility and modelling. The highlights
of 2015 are:
• the real-time (RT) upgrade of the FTU CO2 scanning interferometer and its integration in
the FTU real-time plasma control system;
• the development of a linearized model of runaway current and horizontal position;

•
•

experiments of RE generation during of Electron Cyclotron (EC) assisted breakdown
showing the generation of RE even at moderate RF power injection. [see also paragraph
on RE generation during EC Assisted plasma start-up];
experiments of RE onset, suppression and control in ohmic discharges leading to the
addition of new points (at 3.6 T and 4 T, 350 kA) to the existing database on the critical
electric field for RE generation (Ethr). Figure 1.2 confirms that the measured Ethr is ∼2-5
times larger than predicted by the classical collisional theory [1.1] and consistent with the
new threshold calculated including synchrotron radiation losses [1.2]. The local central
density is used to calculate ERrad since RE are initially generated in the core of the
plasma.

Runaway Electrons Control
In FTU a large database (650 pulses) of highly energetic post-disruption Runaway Electrons
(RE) beam, produced spontaneously or with high-Z gas injection, have been analyzed in order
to provide reliable and safe RE beam suppression strategies.
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generally much below the standard current reference, seems to induce or increase harmful
MHD activity, potentially destabilising the RE beam. Such MHD destabilizing effects have
been observed in correspondence to these large electrical fields during post-disruptive RE
beam. First experimental results quantitatively show that MHD amplitude is correlated with
loop voltage during a RE plateau. Current studies are also devoted to investigate the optimal
current dissipation rate compared to the measured loop voltage. Experimental findings
suggest a post-disruption RE beam suppression strategy in order to obtain decay rate of about
1MA/s as provided also by other researchers on different tokamaks. The FTU team is now
working to provide the control logic necessary to limit the electrical field in order to minimize
the probability of triggering MHD activity during the controlled RE current ramp-down. New
experiments have highlighted the vertical instability of the RE beams, that is assumed to be
induced by the values of the two poloidal field coil currents (V and F as shown), that during
the RE beam plateau reach values associated to highly elongated (standard) plasmas. Linear
dynamical models have been identified showing a good approximation with experimental
data, Figure 1.3 left, and characterized by two unstable eigenvalues. These models are now

used to derive new current and position controllers for RE beam. The hysteretic behaviour of
the runaway dynamics highlighted experimentally by the present study is shown in Figure 1.3
right.

ne213/BF3

Runaways generation during EC Assisted plasma start-up
Studies on Runaway Electron (RE) formation in tokamak during EC assistance in plasma
start-up have been performed under the MST-9-1-1(FTU) project “Mitigation of runaways,
validation of runaway generation models studies and related diagnostics in support of MST
and JET activities“.
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Figure 1.4 - RE presence (from the rate of gamma / neutron
by the classic Dreicer theory. The diagnostic) as a function of toroidal electric field normalized
presence of REs was revealed by a to the Dreicer threshold. Date for pure ohmic (red) and EC
gamma ray diagnostic (NE213 assisted (blue and green) are presented
detector) together with Cherenkov
probes. Even in presence of an Etor 5 times lower than the Dreicer threshold, REs were
detected during and after a 350 kW EC pulse. From the analysis of the RE timing there are
evidences that EC wave acts as a seeding for fast electrons, further accelerated by Etor
increase. The formation of fast electron tails is likely related to EC absorbed power by
increasing prefill pressure or by high enough initial electron density.
Neon impurity seeded FTU plasma
Seeding of Neon impurity in FTU ohmic plasmas causes a spontaneous increase of line
averaged electron density up to a factor two (notwithstanding the absence of Deuterium gas
puffing) associated with a significant increase of the peaking factor [1.3].
These effects, studied in the recent experimental campaigns have been further investigated in
the 2015 experiments, in particular to set the scaling with current, but above all to obtain
better spectroscopic data. A detailed particle transport and the microturbolence analysis were
performed, because first results lead to relate the mechanism of density peaking to the ITG
growth rate, as calculated by Gyro-Kinetic codes (GENE). In order to assess the role of the
ITG growth rate during 2015, a detailed linear micro-stability analysis of Neon doped pulse
has been carried out with the gyro-kinetic code GKW, and compared with a reference
undoped pulse at the same line-average electron density and set plasma parameters. The
doped discharge has higher ion and electron gradients after the Neon injection (consequently

Figure 1.5 - Linear growth rates (left panel) and frequencies (right panel) for a doped (red trace) and an
undoped (blue trace) discharge

higher ITG and ETG modes) than the undoped one taken at the same line averaged density
(Figure 1.5). Positive and negative frequencies refer to modes drifting in the ion (ITG branch)
and electron (ETG branch) diamagnetic direction).
More recent simulations take into account the impurity profiles as reconstructed by an
impurity transport code [1.4]. The presence and the peaking of the Neon impurity
reconstructed profile plays an important role on the presence of unstable modes.
ExB drift effects on MARFE.
The MARFE instability is present at various current and magnetic field values on FTU; in the
case of a well developed MARFE, a peaking of density profiles is observed, this occurrence
favors the exceeding of the Greenwald density limit [1.5, 1.6]. The MARFE oscillations cause
continuous density fluctuations affecting the line-integrated density measurements The
amplitude of density fluctuations decreases with edge safety factor and with electron density.
During the experimental campaigns 2015, one dedicated experimental session was devoted
performed to study the 𝐸×𝐵 drift effect on the MARFE instability on FTU, including some
discharges with reversed toroidal magnetic field; the field sign has provoked the MARFE
positioning in the upper midplane or lower, respectively.
Furthermore the plasma was
moved on equatorial plane from
high field side to low field side
(Figure 1.6). In fact this experiment
was focused to observe the
MARFE localization in respect of
the drift, due to the influence of
the radial electric field Er on the
stable and unstable positions
[1.7].
Evidence of thermo-diffusive
pinch in particle transport
Density evolution in a set of
discharges performed in FTU, can
Figure 1.6 - Visible light shots of the four configurations, in the two
be well described by assuming a
circles the plasma position and electric field are pictured
particle pinch with dependence on
temperature gradients (thermo-diffusion) given by Γ! = −𝑛! 𝐷! 𝜕𝑙𝑛𝑇! 𝜕𝑇! . In these
discharges a sensible density peaking is observed at high density, subsequent the formation of

a strong MARFE thermal instability [1.8] at plasma edge. While central density is increasing
of about a factor 2, edge chords, within a large plasma shell, remains almost unchanged [1.9]
generating a neat density peaking. As a consequence, strong density gradients arose between
r/a = 0.6 and 0.8. The measurement of such density profile details has been possible owing to
FTU scanning interferometer, which has 32 independent chords with spatial resolution of 1
cm. [1.5] This effect is more evident in presence of low Z impurities, as B and Li, used for
wall conditioning. The presence of a strong MARFE seems to be key to get the density
peaking in these discharges. The peaking of density profile is preceded by a drop of the edge
temperature in a wide external region, caused by the thermal collapse at the edge, which led to
the MARFE formation. The extension of such a region can be large up to ¼ of minor radius,
and temperature inside MARFE can be as low as 1-2eV. At this temperature recombination
dominates, and a huge numbers of neutral particles are present in the MARFE region. In order
to estimate the contribution of neutrals to particle balance, a neutral diffusion code has been
used to evaluate the evolution of the source term. The uncertainty on the plasma parameters
inside the MARFE are, however, so large that only a rough estimation of neutral level can be
done using Dα emission, and measured density inside the MARFE. According to these
calculations, the source term remains negligible in large part of the radius (from plasma core
to r/a=0.8) and in particular in the region where the changes of density gradient are observed.
Neglecting the source term in diffusion equation, it is found experimentally that the increase
of peaking can be explained only with a sensible increase of the total inward particle pinch
between 0.5 < r/a < 0.8. Having observed a good correlation between density and temperature
characteristic lengths, the thermo-diffusive term has been taken into account to verify to
which extent it can reproduce the effect on density profile. The diffusion equation considered
for the simulation has the following expression
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Diffusion coefficients D and DT are flat in the region of the simulation and have been
assumed to be constant in time. The simulated density evolution at different radii (solid line)
is shown together with experimental values (dots) in Figure 1.7.
The density evolution at r/a = 0.82,
has been taken as boundary
condition for the diffusion code,
while experimental density profile at
t=0.6 s has been used as initial
condition.
The
diffusion
coefficient’s amplitude has been
taken to keep initial condition
profile stationary, for constant
boundary condition and constant
temperature profile. The evolution
of density is mainly associated to the
change of temperature profile and
partially to the slight increase of the
boundary density. The steepening of
Figure 1.7 - Simulation of density evolution at different plasma
density gradient between r/a = 0.71
normalized plasma radius. Calculated density (lines) are well in
and r/a = 0.82, is well described by
agreement with experimental data (dots)
the simulation, hence the whole
variation of inward particle flux can be described considering the change in temperature

characteristics length. The simulation has been successfully applied to other discharges with
similar phenomenology.
TM onset near the density limit
Due to the dependence of fusion
power on plasma density, the tokamak
density limit has been the subject of
intense study over several decades.
Density limit disruptions are usually
ascribed to a thermal instability
occurring when the radiation loss near
the edge region overcomes the heat
flux from the core. The ensuing
contraction of the temperature profile
leads to a shrinkage of the current
profile driving unstable a global MHD
mode, such as the tearing, leading to
disruption if the density continues to
grow (Figure 1.8). Dedicated density Figure 1.8 - Time traces of some relevant quantities for MHD
limit experiments were performed on activity on FTU (from top to bottom): central and peripheral
density, poloidal magnetic perturbation, central
FTU in a wide range of plasma line-averaged
and peripheral electron temperature, plasma current
current and toroidal magnetic field
values. The analysis of the linear
stability of the tearing mode on FTU, performed by means of a modified cylindrical code and
also by means of a complete linear resistive MHD code, has confirmed a destabilization of the
tearing mode during the density ramp-up as a consequence of the increasing peaking of the
current density profile.
MHD limit cycles
The development of large-amplitude
tearing modes during the preprogrammed plasma density ramp-up
in proximity of the density limit or
after injection of sufficient amounts of
Ne gas on FTU shows a complex
behaviour that can be outlined in three
stages (Figure 1.9).
First stage: the magnetic island grows
smoothly
at
constant
rotation
frequency. Second stage: amplitude
and frequency feature large cycles of
oscillations, with peak amplitude
increasing progressively across cycles. Figure 1.9 - Time traces of some relevant quantities for the
Third stage: the island grows quickly MHD activity for a specific pulse on FTU: (a) central lineto large amplitude and locks; this averaged density, (b) output from the pick-up coil, (c) poloidal
stage generally ends in a disruption. magnetic perturbation, (d) mode amplitude, (e) mode
The
amplitude
and
frequency frequency
oscillations show a well defined phase portrait, determining a so-called “limit cycle” on the
Amplitude/Frequency plane (Figure 1.10). Dedicated experiments were performed on FTU, in a
wide range of plasma current and toroidal magnetic field values, to understand the origin of

amplitude and frequency modulations of the tearing mode and to obtain the scaling for
transitions between different regimes (saturation, limit cycles, locking) in terms of plasma
parameters and mode amplitude.
The existence of a stage with large
amplitude
and
frequency
modulations could be caused by
interaction between modes of
different helicity, also if in our
pulses the (m, n) = (2, 1) tearing
mode seems to be the only large
amplitude mode. In particular, the
presence of the q=3 rational
surface in the plasma seems to be
necessary for the occurrence of
deep and regular limit cycles for
the (2, 1) tearing mode, so that the
q = 3 rational surface could play
an important role. On the other
hands, the amplitude modulations
could be caused also by island
self-healing phenomena, with a Figure 1.10 - Tearing mode time evolution on the plane
Amplitude/Frequency (see legend for colour meaning). The
recursive island fragmentation evolution of the amplitude and frequency envelopes is also
mechanism; in fact the island reported as open circles. The yellow’s corresponds to the critical
distortion
increases
before mode amplitude for transition from smooth to cyclic behaviour
amplitude drops. We are currently
working to understand the effective cause of this interesting behaviour.
Density limit at low BT and IP
A study concerning the density limit at high field and current (4 - 8 T, 500 -900 kA) on FTU
pointed out that the dependence of the density peaking on the edge safety factor, in presence
of a MARFE, is crucial in the determination of a density limit scaling law for the central line
averaged density. This study has been completed exploiting an experimental campaign
devoted to explore high density regime for low field and current (2.5 - 4 T, 250 - 500 kA). For
each Ip and BT configuration, the discharge was performed with a continuous gas flow
injected into the plasma in order to produce an increasing density up to the disruption for the
density limit, occurring because of the rapid increase in the amplitude of MHD activity. All
discharges considered here had gas puffing and ohmic heating only and the selection criterion
was the density limit to be reached during the IP flat-top. At high-density operation, an
increase in the density beyond a certain value usually produces the MARFE phenomenon: all
the considered discharges present a density level around the threshold for the appearance of
the MARFE. For this reason it is present, but it does not develop completely. It has been
observed that the density peaking is not growing in time during the discharges and the
MARFE does not seem to have any impact on the evolution of the density limit and peaking
of the discharge. As expected, none of the considered discharges overcome the Greenwald
limit. The observed dependence of the density limit on the magnetic field for the central line
averaged density is compatible with the scaling law determined at higher magnetic field and
plasma current where it was found n = 0.19 ⋅ BT1.5 . This density has also been evaluated at the
onset of the MHD activity leading to disruption: in this case too a dependence of the density
on the magnetic field is visible through the relation n = 0.24 ⋅ BT1.2 , very similar to the one

obtain for higher current and field ( n = 0.19 ⋅ BT1.3 ).
Central Density Limit: FTU Data Interpretation
In [1.10], a theoretical study was performed on the possible intrinsic nature of the central
density limit in Tokamak configurations, with particular reference to the interpretation of
FTU data.
The
conceptual
framework,
originally proposed in [1.11], is
based on the idea that the electron
Larmor orbit is destabilized by
electrostatic turbulence and this
effect is maximized when such orbit
lives outside the Debye sphere, i.e.
when the plasma frequency exceeds
the
gyro-frequency.
It
was
investigated the spatial distribution
of magnetically confined electron in
the presence of a Gaussian random
transverse electric field, whose
Figure 1.11 - Time scale τ (in seconds) as a function of the
variance
contains
a
magnetic field B (in Tesla). The dots are the data sampled
according to the model equations, while the line represent the
phenomenological
parameter,
function that best fits the data.
namely, the time scale of the electric
fluctuations.
The main merit of this study is to show that, if the FTU data are fitted and the free parameter
is fixed (Figure 1.11), we see that the corresponding spatial scale of the electric turbulence
corresponds to the microphysics scale of the Tokamak, i.e. of order of few millimetres.
Liquid Metal Limiters on FTU
Research on liquid metals, as a viable solution to solve the power exhaust problem, is
progressing in Europe. The experiments on FTU aim at testing a cooled liquid lithium limiter
(CLL) (2014&2015) and subsequently a cooled liquid tin limiter (TLL) (2016) under reactor
relevant thermal loads of up to 10 MW/m2 in stationary conditions.

Figure 1.12 - Stationary heat flux controlled by plasma position (shot n. 40052)

In preparation of this program, improvements of the FTU facility started in 2014 and
continued during 2015 with the extension of FTU pulses to 4.5 s and BT=2.5 – 4 T. A plasma

stationary phase of 3.5s at Ip =0.25 MA and BT= 4 T was obtained (see Figure 1.12 shot
n.40052) with a current variation in the transformer from + 24 to -24 KA and with a margin of
1KA from the upper and lower limits of ±25 KA [1.12]. To maximise and control heat load
on limiters, elongated configurations (k ~ 1.2) have been also obtained for 3.5 s on FTU, with
the X-point just outside the plasma chamber [1.13]. To realize this improvement, a dedicated
work on the FTU control and data acquisition systems was required as well as on the
sequence of the programmed discharges. Unfortunately, CLL experiments on FTU with heat
loads higher than 2.3 MW/m2 and time duration grater than 1.5 s were prevented by the onset
of hot spots on the joint points of the strips of the capillary porous system (CPS) structure and
by the poor control of the Li temperature that displayed large oscillations. To solve these
problems, during 2015 a new active CLL refrigeration head in Red Star Labs has been
realized with a larger curvature radius and the CLL control system has been successfully
implemented in ENEA in order to optimize the temperature monitoring and the control of the
circulating water. Nevertheless, no FTU experiments with the new CLL version were
possible. Indeed, during the temperature conditioning inside the CLL volume, a small water
leak occurred on the CLL head, at the welded connection of the CPS Mo tube with the SS
tube. An accurate revision of the project was required and a third CLL head was designed and
then constructed. It is planned to be in ENEA in April 2016. The contractual phases for the
construction of the new Cooled Liquid Sn Limiter, employing an intermittent injection of Arwater spray for cooling and a resistor for heating the Tin CPS were carried on. Red Star
completed the experimental tests on wetting, corrosion and those relevant for the calorimetric
measurements with the supervision of ENEA experts. The manufacturing and the delivery of
TLL are foreseen in the first semester of 2016. In the European framework of coordinated
actions, a cooled sample of Sn CPS type envisaged for the TLL in FTU has been tested on
Pilot-PSI linear device. A power handling of 26 MW/m2 has been demonstrated under
stationary conditions and without apparent damage of Sn sample, giving early indications the
TLL will be effective. Finally, a radiative model has been developed to clarify the
mechanisms of the FTU radiation shield as observed with the previous liquid lithium limiter
(LLL). This model accounts for the dissipation terms of the power flux reaching the liquid
lithium surface such as: the Li radiation losses, the Li evaporation and the replenishment of
liquid lithium on the CPS surface.
Erosion and retention studies on FTU
In the frame of EUROfusion Work Package Plasma Facing “Component” (WP-PFC) the FTU
Sample Introduction System has been used for exposing in the scrape-off plasma samples
with the purpose of checking the effectiveness of preferential sputtering in the tungsten
enrichment of the very surface layer of first wall material, like EUROFER steel. The latter
could represent a valuable alternative to a solid tungsten or tungsten coated first wall, with
obvious saving of money and decrease of weight.
Two rectangular samples have been exposed to the plasma flux, the first consisting of a Ti
substrate coated with a thin (300 nm) mixed layer of W and Fe, with the W concentration very
low (about 1%) and the second of P92 steel with similar W concentration. To avoid sample
contamination by a close source of Fe, the sample holder was made of Ti. The W/Fe and the
P92 samples were exposed to 14 and 26 discharges, respectively, with the former suffering
also some disruptions, resulting in melting of the edge closest to the plasma boundary. The
edge temperature, as measured by Langmuir probes in the plasma tube connected to the
samples, was about 20 eV, with a rather long e-folding length, a value ruling out W sputtering
while allowing a moderate, but not negligible, Fe erosion. On the other hand the fluence was
rather low, the FTU shots lasting 1-1.5 s, and therefore the effect of preferential sputtering is
to be expected not very evident.

Table 1.2 - Fe and W conc. in the W/Fe reference sample and in the sample exposed in FTU

After exposure the samples were analyzed with SEM, EDX, XRF, RBS and TOF ERDA, in
collaboration with the National Institute for Laser, Plasma and Radiation Physics of Romania
and the Ruđer Bošković Institute of Croatia. Data analysis is still in progress. From the
analyses carried out so far, the comparison with non-exposed sample shows an overall
decrease of Fe and W concentration in the exposed sample with large Ti concentration in the
probed thickness as a result of W/Fe coating erosion or re-deposited Ti from the sample
holder. The ratio between the concentration of Fe and W is decreased, as shown in the Table
1.2, although the error in the estimate of W concentration is rather large, because of its very
low content.
Dust Studies on FTU
Following an investigation on the characteristics of dust collected in FTU at the end of 2013,
an unexpected presence of ferromagnetic dust has been observed. Neutron and X-rays
diffraction analyses on crystalline structures of that dust have thrown new light on the
mechanism of formation of ferromagnetic dust in tokamaks. The origin of ferromagnetic dust
is related to the molten drops ejected by austenitic stainless steel (non-magnetic) plasma
facing components, such as first walls, diagnostics, antennas, etc., where the crystalline phase
of iron changes from non-magnetic γ to magnetic α/δ phase. Two mechanisms are believed to
be responsible for this change of phase; the first is the presence of a strong magnetic field
environment during the re-solidification of molten grains that induces the transition from γ to
α phase. The second mechanism, being FTU a cryogenic device, is the stabilization of δferrite phase during the re-solidification of molten stainless steel grains due to the strong
temperature quenching as soon as the molten grains get in contact with the cryogenic walls.
The presence of ferromagnetic particles in tokamaks could pose new problems due to their
interaction with the magnetic field used for plasma confinement, in fact magnetic grains can
be lifted up during the ramping up phase of the toroidal magnetic field due to ∇B force, and
interfere with the start-up phase of plasmaREIS+–+Final+SetDUp+
discharge [1.14].
WP15-MST2 -15 “REIS” Imaging of runaway electron beams
Coupling+Box+
The WP15-MST2-15 activities have
Bundle+
focused on the design, development
(20+ﬁbres)+ Fibre+1+
VIS+Spectrometer+1+
REIS%Probe%
and construction of the prototype of a
(backward)view))
portable Runaway Electron Imaging
REIS%Probe%
Spectroscopy (REIS) system for use
camera%lens% CCD%
in medium size tokamaks, namely
camera%lens% bundle%
Coupling+Box+
Bifurcated+ﬁbre+
AUG.
side)view)
The system aims at the detection of
VIS+Spectrometer+2+
Fibre+5+
CCD%
the
visible
and
near-infrared
(forward)view))
synchrotron radiation spectra from
NIR+Spectrometer+3+
bundle%
(forward)view))
runaway electrons. It is based on a top)view)
Figure
1.13
Scheme
of
REIS
designed
for
installation
at AUG.
wide-angle visible camera and an

incoherent bundle of 20 optical fibres coupled to 2 visible spectrometers and 1 near-infrared
spectrometer (see details in Figure 1.13). The prototype was tested in FTU during the 2015
experimental campaign: the data from the visible camera and the spectrometers were collected
(not simultaneously) in several runaway discharges at 4T and 5T, Figure 1.14.
The results obtained
Visible Spectrometer
Visible Spectrometer
(backward)
(forward)
are
promising
Ocean Optics
#39516
#39516
[1.15]: spectra in the
Spectrometers
visible 350 – 850
t=1.11 s
Models
nm and(Visible)
infrared 900
• USB2000+
• NIRQUEST256 (Infrared)
– 2100 nm were
Time
resolution = 20 ms
t=1.11 s
acquired.
Forward
and backward
RE
Spectrometer
calibration
and calculation of RE
synchrotron
energy on-going
emission
was
Wavelength (nm)
Wavelength (nm)
measured
and
a
#39924
#39516
t=1.5 s
PLASMA
clear distinction was
t=0.64 s
PARAMETERS
observed
between
B = 4.1 T
I = 0.5 MA
the two cases. The
calibration of the
data as well as the
backward
forward
set up of the system
for its installation in
Wavelength (nm)
AUG is on going.
Infrared Spectrometer
Pulse #39516

4

x 10

Intensity (a.u.)

1.5

1

t = 1.11 s

0.5

0
300

Pulse #39516

4

2

Intensity 1221 (a. u.)

Intensity 1218 (a. u.)

Intensity (a.u.)

2

x 10

1.5

t = 1.11 s

1

0.5

400

500
600
700
wavelength (nm)

800

0
300

900

400

500
600
700
wavelength (nm)
Pulse #39924

800

900

4500

t = 1.5 s

Intensity
Intensity (a.(a.u.)
u.)

4000

t

3500

p

3000

2500

2000
800

Visible Camera

1000

1200

1400 1600 1800
wavelength (nm)

2000

2200

(forward)

Figure 1.14 - RE visible camera image and synchrotron spectra (raw data) in FTU

CTS and PDI
The investigation on possible excitation of Parametric Decay Instabilities (PDI) by Electron
Cyclotron (EC) beams in presence of magnetic islands using the Collective Thomson
Scattering (CTS) diagnostic on FTU has been performed under Enabling Research project
AWP15-ENR-01/ENEA-06.
Experiments were performed with a gyroton probe (140 GHz, 400 kW) launched in
symmetric and asymmetric configurations with respect to the equatorial plane, in different
conditions of plasma density and magnetic field (with or without the EC resonance in the
plasma), and with magnetic islands generated by Neon injection. The CTS diagnostic was
renewed [1.16] with the acquisition of a fast digitizer, which allowed the observation of
spectral features with very high time and frequency resolution. In the experiments performed
at 4.7 T, with the resonance on the high field side of the plasma column, or at 3.6 T, in this
last case with the plasma between the first and the second EC harmonics, different spectral
features were observed [1.17]. Two of them are presently under deeper investigation: the first
is a rapid asynchronous sequence of bursts detected at frequency multiples of the (deuterium)
ion cyclotron frequency above and below the gyrotron frequency, occurring in connection
with a particularly complex MHD activity leading to plasma disruption (Figure 1.15 and Figure
1.16). The second is a periodic emission at a frequency around 15 MHz from the probe
frequency, with high repetition rate. The correlation of the observed peaks with the
transit of the island O-point inferred from magnetic probes signals has been
investigated, to characterize the observations and exclude parasitic effects, as well as
breakdown phenomena in front of the antennas.

Figure 1.15 - Spectrum of the received radiation: the
gyrotron line (highly attenuated) is visible at 800 MHz
from the local oscillator frequency, at 139.48 GHz

Figure 1.16 - Asynchronous sequence of bursts
emitted at frequency multiple of the deuteron ion
cyclotron frequency above and below the gyrotron
line

The variation in the stray radiation distribution in the vessel has been studied with the aid of a
diffusive model, to characterize variations on the probe beam absorption associated to the
observed phenomena. Further improvements of the diagnostic both in frequency band (up to
±4.2 GHz from the probe) and with the addition of a second radiometer, will allow a clearer
interpretation of the emissions.
Cherenkov probe and BAEs
Post-disruption events can be dramatic and represent a major concern for the safety of large
tokamaks because uncontrolled rapid loss of runaway current may irreparably damage
plasma-facing components The possibility to predict and control plasma disruptions and
runaway electron (RE) beams in tokamaks is a key target for fusion research. REs can be
detected when they are in flight in the tokamak vessel or when they escape the plasma. In the
first case soft/hard X-ray profile monitors and synchrotron radiation detectors are generally
used, while in the second case neutron and gamma ray detectors are employed.
Recently an optical diagnostic system based
on the Cherenkov effect was successfully
installed and tested in FTU in collaboration
with the Polish National Centre for Nuclear
Research (NCBJ), to detect REs escaping the
plasma. Similar probes have been installed on
other tokamaks by the NCBJ group,
demonstrating the possibility of detecting the
presence of high-energy RE beams by
correlation with Hard X-ray emission. In
FTU, Cherenkov signals were correlated with
MHD activity to extend the work done by
NCBJ, thus enabling a detailed study of RE
dynamics to identify key mechanisms of the
interaction
of
REs
with
magnetic
perturbations.
The
Cherenkov
probe
was
Figure 1.17 - Scenario involving island quasitested in various plasma scenarios in FTU,
locking and BAEs at low plasma density (FTU
including experiments aimed at estimating the
#37655 B = 6 T, I = 0.5 MA): (a) plasma current, (b)
Cherenkov signal, (c) Mirnov coils (channel 26), (d)
threshold electric field for RE generation,
NE213 and BF3 (black line) signals
where the plasma density is intentionally
reduced until REs are observed. Long-lived tearing modes and magnetic islands, often
accompanied by beta-induced Alfvén eigenmodes (BAEs), are also typically observed in such
low-density discharges.

In a typical discharge with BAE activity in FTU (magnetic field from 5.2 to 7.6 T, lineaverage density from 2.7×1019 to 1.5×1020 m−3), Figure 1.17, in the initial phase, the Cherenkov
signal modulation (3.2 kHz) is due to a tearing mode instability involving a rotating island
developed in connection with the diminishing density. Cherenkov signal maxima occur when
the island O-point faces the probe, demonstrating that RE losses are in sync with the island
rotation, i.e., REs are expelled in the interaction with the magnetic perturbation due to the
island. On the other hand, in the quasi-locking stage, when the island rotates at about 55 Hz
and the magnetic signal is dominated by the high-frequency BAE component, the Cherenkov
signal presents a bursty emission modulated by the island rotation frequency at 55 Hz. The
high frequency components of the Cherenkov signal can be observed in Figure 1.18, where the
power spectral density of Cherenkov and Mirnov signals are presented, respectively. This
observation indicates that the amplitude fluctuations of the island represent a further RE
expulsion mechanism.
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Figure 1.18 - Scenario involving BAE excitation (FTU #37655): power spectral density in the high frequency
range (30-60) kHz of (Left) Mirnov and (Right) Cherenkov signals

In conclusion, in the presence of BAEs, the Cherenkov signal presents a bursty emission
modulated by the slow, nearly locked island rotation frequency, demonstrating that RE
expulsion is due to both the magnetic perturbation of the island and its amplitude fluctuations.
This is the first time BAEs have been detected using a non-magnetic plasma diagnostics.
1.1.3 – Diagnostics Development
Cherenkov Upgrade
Post-disruption events represent a major concern for the safety of large tokamaks because
uncontrolled rapid loss of runaway current may irreparably damage plasma-facing
components. Significant research efforts are necessary to study and understand how to control
Runaway Electrons (REs) and to implement adequate control schemes to prevent disruptions.
Fast electrons within the plasma are typically monitored and detected using infrared, gammaray cameras and hard X-ray diagnostics. However, recently an optical diagnostics based on
the Cherenkov effect was demonstrated to be effective in monitoring fast electron losses in
FTU, particularly in scenarios involving plasma instabilities that can lead to disruption. The
installation and test of the Cerenkov probe in FTU was done in collaboration with the Polish
National Centre for Nuclear Research (NCBJ). Data interpretation and correlation with
several other diagnostics operating in FTU, brought out the high level of detail provided by
the Cerenkov probe in detecting RE losses driven by magnetic islands. The main limitation of
the present single-channel Cherenkov diagnostic system is that it provides an integral signal
from one location within the vessel, providing no information on the spatial and energy

distribution of incoming electrons. A Cherenkov probe upgrade that will enable energy and
spatially resolved analysis of RE losses in FTU is planned for the next experimental
campaign. The planned upgrade of the diagnostic system will permit RE energydiscrimination and simultaneous detection at two toroidal/poloidal positions to evaluate the
potential of this diagnostic system for implementation in next-generation fusion reactors. The
energy ranges of the three channels were chosen to permit a meaningful correlation with
existing diagnostics, such as the Fast Electron Bremsstrahlung camera. Hardware components
have been ordered and the sensor head has been assembled by NCBJ in Nov 2015. The head
was shipped to ENEA and mounted on a suitably designed arm to permit rotation and
translation of the head to control the orientation of the diamond window with respect to the
equatorial plane of the tokamak, and the depth at which REs will be collected. After vacuum
testing, it was installed in FTU ready for the next experimental campaign.
Triple-GEM Detector
The research on nuclear fusion requires the development of X-ray diagnostic with high
temporal resolution (in the scale of microseconds) for the study of plasma physical fast
processes (magneto-hydrodynamic instability, turbulence and heating) and imaging detectors
for monitoring the plasma and the reconstruction of its magnetic topology.
NIXT X-ray laboratory, born of a decennial experience in detectors for fast two-dimensional
soft-X imaging on nuclear fusion, is involved in developing, implementing and charactering
these new diagnostic techniques that have a broad application, also beyond MCF field.
This X-ray laboratory has been built in ENEA Frascati and it is formed by a wide bunker,
fully shielded to operate up to 120 keV, with all the devices remotely controlled from outside,
it offers great flexibility in realizing customized optical configurations as required. The
devices used in the laboratory (sources, detectors, optics, filters) are absolutely calibrated and
characterized as a function of the X-ray energy (5-80 keV).
Actually micro-pattern gas detectors based triple-GEM (Gas Electron Multiplier [1.18])
reached a high level of performances together with a high degree of compactness [1.19]. They
found important applications in soft-X ray diagnostic for Tokamak [1.20] and Laser Produced
plasmas (LPPs).
Recently our work focalized on two kinds of triple-GEM detectors: we refer to them as GEM
and GEMpix detectors. Both are head-on detectors with an aluminate mylar window, a 3 mm
drift gap (the active volume of the detector) and three GEM foils separated by 1 and 2 mm
gaps. Usually gas mixture is ArCO2 (70/30) or ArCO2CF4 (45/15/40). The GEM detector
covers an area of 10x10 cm2, and is equipped with a Front-End-Electronics (FEE) based on
CARIOCA chip cards and an FPGA (Field Programmable Gate Array) motherboard. Actually
FEE can manage a maximum of 128 channels and the anode is realized by 120 pads, each one
with an area of 8x8 mm2.

Figure 1.19 - Comparison between GEM detector signal and diode signal along a central line of view for an
FTU Tokamak shot

GEM detector works in counting mode: charge released in the drift gap moves towards the
GEM foils where it is proportionally amplified with a gain which can go up to 104, then a

current pulse is induced on pads and this is counted as one when a threshold level is exceeded.
Threshold level is one of the parameter can be modified through the FPGA motherboard. FEE
allows also the acquisition of a sequence of 60000 frames at a rate of 1 kHz. This is
particularly useful for Tokamaks for which it is necessary to follow the evolution of plasmas
during the shot. This kind of detector has been installed on the FTU Tokamak (ENEA). Figure
1.19 shows the temporal trace as acquired by the GEM detector compared to a standard diode
of the tomography system.
GEMpix detector, instead, has an area of 28 x 28 mm2, while FEE is realized with four
medipix chips hold together. Now there are 512 x 512 pixels, each one with an area of 55 x 55
µm2. In this case spatial resolution is higher than GEM detector. In addition FEE con work
not only in counting mode but also Time over Threshold (ToT) mode: it works like a
Wilkinson ADC in which an internal clock gives a number of digits until the induced current
signal on the pixel exceed a given threshold. GEMpix detector has been used successfully for
soft-X rays diagnostic on LPPs. A first preliminary test was performed on the ABC laser ICF
facility (ENEA, Frascati) [1.21]. In this case, we measured the X-rays produced when the
ABC laser pulse, of 50 J and with 3 ns time width, hits an aluminium plane target. A pinhole
system allows realizing soft X-ray image of the plasma (Figure 1.20). The results are
encouraging regarding the capability of this imaging detector to work in experiments where
soft X-ray emissivity varies over many orders of magnitude. Based on the successful results
on ABC [1.22], we proposed some experimental tests on the ECLIPSE facility (CELIA,
Bordeaux, France) [1.23] in order to study the capability of GEMpix to detect X-ray radiation
emitted from various targets (Cu, Fe, Ti, Ni, Ag, and plastic), emitting characteristic k-alpha
radiation at different energies and fluence. In order to analyse these measurements, a
preliminary study of the detector response in regime of single photon was realized at the
NIXT lab to estimate the number of photons per unit area for the different X-ray energies.
This was performed using X-ray fluorescence coming from sample materials like those used
on the ECLIPSE laser. Obtained results shows the potentialities of GEMpix as soft-X ray
diagnostic devices for LPP: its response appears as blobs whose volume and area is
proportional to the released charge Q, depending on the number of photons and their energy.
Results show also that for a given target, the gain (Vgem) can be fixed in order to have all the
collected charge over threshold and avoid the saturation of the blob volume. Vgem affects also
the spatial resolution, and it depends on the energy of the single photon. An estimation of
photon fluence has been obtained for the different kind of targets. Figure 1.20 shows a map of
the photon fluence estimated for Iron and Copper target [1.24].
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Figure 1.20 - Soft-X ray image obtained at the ABC facility with an aluminium target (a) and photon fluence
distribution for Fe (b) and Cu (c) target at the ECLIPSE laser facility.

For copper the maximum number of photons ranges between 20 and 25, while for iron
between 15 and 20, and 2-3 photons at the edge.

THz Development
The THz-TDS plasma diagnostic project received the EUROfusion Enabling Research award
in 2014. On this basis the setup of the laboratory facilities has been accelerated and
completed in all areas. In 2015 we tested several versions of the Free Air THz-TS setup,
based on a 800 nm MIRA laser driving an Auston switch-type broadband THz emitter (100
GHz-5 THz). The optical designed has been optimised, signal processing, data acquisition and
Power Supply systems realized and tested with several type of emitters, receivers, lenses and
configuration modes. Typical signals are in the range 0.030-0.3 nA, with an IR laser input
power of 0.5 mW, 170 fs pulse duration and 150V bias voltage.
The system is now ready for further improvements, like the use of Off-Axis Paraboloid
elements to increase bandwidth and luminosity and for final testing of the Emitter and
Receiver optical heads, which will use Silicon THz lenses for increased efficiency.
In parallel the design of the Group Velocity delay compensation section (GVD) has been
completed, and it will be assembled and tested in the coming months
At the beginning of the year were taken a series of measurements with an industrial
spectrometer TAS7500TS. The optical properties of different materials and components, apt
to be used in fusion experiment have been studied. A Python Fourier Transform analysis code
has been developed and tested with the aim of releasing a tailored, custom made tool to
provide a full understanding of the data. Successful tests have been carried out with data from
Clarendon Laboratory in Oxford and Advantest spectrometer.
The implementation of a THz diagnostic has been studied using FTU plasma conditions as
benchmark for numerical simulations, comparing the known proprieties of THz radiation with
the various diagnostic methods in order to devise the best measurements approach.
Interferometry, Reflectometry and Polarimetry will be the first candidate for the application.
Fast Infrared Camera
The relevance of the thermal load measurements during disruptions in a limiter machine relies
on the evidence that in a divertor tokamak the plasma configuration degrades to L-mode
before the thermal quench.
In FTU plasma column usually leans to the
inboard toroidal limiter and during the current
quench it is pushed further inboard: therefore the
largest heat load are expected to occur on the
toroidal limiter. FTU being a cryogenic machine,
with all inner surfaces at very low temperature at
the onset of a discharge, disruptions represent
almost the only possibility of carrying out heat
load measurements by thermography.
In year 2015, the optical system, developed
some years ago in collaboration with the Italian
“Istituto Nazionale di Ottica” (INO), has been
1.21 - Infrared image of the toroidal
refurbished and newly installed in an equatorial Figure
limiter sector during machine baking
port. It consists of 14 Germanium lenses, antireflection coated in the range 4.0÷5.5 m, and allows transferring the image of one, out of the
12 toroidal limiter sectors, through the port to the thermo camera. The latter is a FLIR model
SC7500 capable of an image acquisition frequency of 380 Hz for full frame up to 40 kHz with
windowing.
Emissivity calibration for temperature up to about 100 °C was carried out during inner vessel
baking by comparison with the temperature measured by thermocouples embedded in the tiles
of another toroidal limiter sector (see Fig.1)

The toroidal limiter temperature was monitored in several disruptions by varying the image
acquisition frequency. Quantitative analysis of the data is in progress. One of the drawbacks
with thermo graphic measurements, in all-metal machines like FTU, is the reflection of IR
light coming from not monitored surfaces. It will be taken into account by using the
PFCFLUX code to locate possible sources of reflected light at the moment of the thermal
quench onset.
Complementary to the measurement of thermal load on the toroidal limiter is also the
detection of frequent and massive presence, during disruption, of eroded or mobilized dust. Its
survival in the vacuum chamber for long time after the disruption confirms the indirect
detection carried out in the past with Thompson scattering diagnostic [1.25]
1.1.4 – Plasma Theory
Introduction
Investigations of nonlinear behaviours in burning plasmas of fusion interest by formal
analytical work and numerical simulations are the subjects of most significant recent progress
of theoretical activities. These are accompanied by studies of radio-frequency wave
propagation and absorption as well as of space and astrophysical plasmas. Most activities on
nonlinear burning plasmas have been carried out within the framework of the “Enabling
Research” project AWP15-ENR-01/ENEA-03 on “Theory and simulation of energetic
particle dynamics and ensuing collective behaviors in fusion plasmas” (shortly NLED,
NonLinear Energetic particle Dynamics): in this section the activities developed primarily in
ENEA-Frascati will be presented in an extended form. The complete report of the full NLED
project, which includes research activities jointly pursued in collaboration with CEA
Cadarache and IPP Garching and Greifswald, with the support of the Consortium
EUROfusion, is presented in a separate Section (Enabling Research). Other important
theoretical activities have been devoted to Integrated Tokamak Modeling, and are also
reported in a dedicated Section (WP - Code Development).
Hereafter, the first section addresses basic fusion plasma physics issues. In particular, it gives
updates on the probabilistic derivation of a parametric equilibrium distribution function; and
addresses the general problem of n cold beams self-consistently evolving in the presence of m
(greater or equal to n) Langmuir modes at the plasma frequency, formulated in Hamiltonian
form. It also provides a theoretical-analytical description of the spontaneous excitation of
convective cells by kinetic Alfvén waves, and a reconsideration of the asymptotic approach to
the m=1 resistive mode for tokamak plasma. Aspects involving nonlinear dynamics and
complexity are addressed in the second section, while the third reports about recent results
obtained for radio-frequency wave propagation and absorption, with particular emphasis on
lower hybrid wave heating and current drive for ITER and DEMO. Energetic particle physics
are discussed in the fourth section, which deals, in particular, with theory of beta-induced
Alfvén modes excited by energetic ions, and fast excitation of geodesic acoustic modes by
energetic particle beams; moreover, the structure of wave-particle resonances and the relation
to Alfvén mode saturation is addressed in detail using Hamiltonian mapping techniques; and
the linear and nonlinear dynamics of electron fishbones is studied using the hybrid MHDgyrokinetic code HMGC. The last section, meanwhile, addresses morphological aspects of the
transport processes characterizing stellar accretion disks, in analogy to the phenomenology of
the Tokamak devices.
Many of these activities are being pursued in the framework of international collaborations
with University of California at Irvine (UCI), the Institute for Fusion Theory and Simulation

(IFTS), Zhejiang University, as well with the Sapienza - University of Rome and the Physics
Department, Technical University of Denmark.
Basic fusion plasma physics
Updates on parametric equilibrium distribution function. A class of parametric distribution
functions has been proposed in [1.26] as equilibrium distribution functions (EDFs) for
charged particles in fusion plasmas, representing supra-thermal particles in anisotropic
equilibria for Neutral Beam Injection, Ion Cyclotron Heating scenarios. Moreover, the EDFs
can also represent nearly isotropic equilibria for Slowing-Down alpha particles and thermal
plasma populations. These EDFs depend on constants of motion (COMs). Assuming an
axisymmetric system with no equilibrium electric field, the EDF depends on the toroidal
canonical momentum Pϕ, kinetic energy w and the magnetic moment μ.
In [1.27] it has been proposed a method of probabilistic nature, for expressing the particle
distribution function in an analytical form starting from reasonable simple assumptions. Once
obtained the EDF depending only on COMs, it is also found, for consistency, a collisional
operator that can allow the distribution of particles to relax towards the proposed EDF. Thus,
it has been described what can be the minimum changes for the Landau collision operator to
allow the proposed EDF to be the relaxed distribution function for a thermal plasma
population.
In such probabilistic approach for obtaining the EDF functional form, the maxwellian
distribution function is considered as the prior probability distribution function (pdf) in the
Bayes’s theorem. At the same time, the joint distribution function to find a particle with given
Pϕ, w and λ= µ/w is considered the final EDF expressed as the product of the conditional
probability, to have such Pϕ and λ once the energy of the particle is known, multiplied for the
prior pdf.
Four EDFs have been explicitly obtained depending on if (i) the mean magnetic moment is
almost constant for particles with different energies, or (ii) it scales in magnitude with the
particle energy, and if (iii) a Maxwellian or (iv) a Slowing Down is considered as prior pdf.
These EDFs can be used in the following scenarios: burning plasmas with fusion products
and plasmas in thermal equilibrium or when external heating sources, i.e. Ion Cyclotron
Resonance Heating or Neutral Beam Injection, are employed.
The relevance of the present derivation resides in its generality since it only requires the (non
perturbative [1.28]) Guiding Center transformation of phase space coordinates and an
axisymmetric equilibrium magnetic field. Moreover, such derivation doesn’t depend on the
detailed form of the axisymmetric magnetic field. This means that the derived functional form
of the EDF is machine independent for axisymmetric tokamak.
Nonlinear Physics of Energetic Particle and Transport Features of the Beam-Plasma
instability. The transport features of a one-dimensional (1D) beam-plasma system were
studied in the presence of multiple resonances. The relevance of the beam-plasma instability
problem [1.29] stands in the paradigmatic description it can provide for energetic particle
(EP) transport due to Alfvén eigenmodes (AEs). In particular, a correspondence can be
determined between velocity space transport due to beam heating and EP radial transport in
the presence of resonantly exited AEs (as far as the nonlinear particle displacement is small
compared to the perpendicular fluctuation scale).
The investigation of the 1D bump-on-tail problem was proposed [1.30] in terms of n cold
beams injected in a cold background plasma behaving as a linear dielectric medium, and m≥n
self-consistently coupled nonlinear oscillators. Such a scheme properly represents the features
of a warm fast particle distribution interacting with a spectrum of linear stable (absence of
particle drive) and unstable Langmuir waves at the plasma frequency. This approach can

properly describe the case of isolated resonances as well as the quasi-linear diffusion regime
typical of a broad fluctuation spectrum.
The model was specialized for the case of two supra-thermal beams, and a threshold for the
initial beam velocity ratio was determined, in correspondence to which the two instabilities,
rather than remaining isolated resonances, mutually interact transferring energy from the
mode associated with the faster beam to the slower one. In this case, significant phase-space
mixing takes place between the two beam populations. Furthermore, it was shown how
sideband modes might saturate at almost the same level reached by the most unstable waves,
pointing out that the long time-scale evolution would be significantly affected by nonlinear
sideband generation.
The mixing process was studied to quantitatively define the transport barriers of the system
by means of the so-called Lagrangian Coherent Structures (LCSs). These structures are 1D
curves (in our system) and are defined maximizing the Finite Time Lyapunov Exponent
(FTLE) fields [1.31]. Phase-space mixing was found (see Figure 1.22) to be enhanced at the
intersections between LCSs belonging to different beam populations.
The threshold for transport onset and the resulting critical value for the beam initial velocity
ratio was found to be ~ 0.96 (for the present simulation parameters). It is consistent with
previous estimations for a supra-thermal warm beam and it fulfils the Chirikov criterion.

Figure 1.22 - Overlay of the phase-space snapshots (blue and red points for the fastest and slowest beam,

respectively) and the LCSs (thick lines) defined trough the contour plot peaks of the FTLE. The beams have
equal densities, the considered time is set as τ = 11.6. The different values of the beam initial velocity ratio Θ
are indicated in the plots

Spontaneous excitation of convective cells by kinetic Alfvén waves. Kinetic Alfvén waves
[1.32] (KAW) and convective cells (CC) are prevalent and fundamental electro-magnetic
waves and structures in magnetized plasmas. Spontaneous excitation of CC by KAW has been
of interest for many years [1.33] due to its important implications to transport across the
confining magnetic field, and to the dynamics of the upper auroral ionosphere. In recent
years, it has received renewed interest since zonal flow and zonal current/field or, generally,
zonal structures [1.34, 1.35], which could regulate plasma turbulence and, thereby, the
associated transport, have direct correspondence, respectively, with electrostatic CC (ESCC)
and magnetostatic CC (MSCC). Thus, CC excitation by KAW can be considered as a
paradigmatic example of zonal structure generation by turbulence in magnetized plasmas, and
of structure formation effect on fluctuation-induced cross-field transport. Spontaneous
excitation of CCs by KAW in uniform plasma is investigated analytically employing the
nonlinear gyrokinetic equations. Self-consistent theoretical analysis demonstrates the novel

results that excitation via modulational instability can only occur when the finite ion Larmor
radius effects are properly included, and, furthermore, both the ESCC and MSCC are excited
simultaneously. Theoreti-cal predictions are verified with direct numerical simulations;
showing excellent agreement in the modulational growth rate and field structures. Significant
implications of the present results to the cross-field transport in space and fusion plasmas are
also briefly discussed [1.36].
Analysis of MHD instabilities by asymptotic methods.
The m=1 resistive mode for a tokamak
plasma with large aspect ratio [1.37] is
reconsidered employing a different
analytical approach [1.38, 1.39]. The
dynamic equations in a resistive layer are
solved by means of an asymptotic
expansion for values of the growth rate in
a suitable range. The eigenvalues
characterizing the perturbation are found
by means of a series expansion. It is
shown that the main contribution to the
expression of the eigenvalues is given by Figure 1.23 - Profiles of the radial displacement
the first and the second order term of this eigenfunction for different values of the ideal
expansion. We find stable and unstable instability parameter as defined in [1.32]
solutions at the first and second order.
Eigenfunctions found for different values of the ideal instability parameter are shown in
Figure 1.23.
Nonlinear dynamics and complexity
Studies of complexity in extended dissipative systems, in nature and in laboratory, require
multiple approaches and the framework of self-organized criticality (SOC) has been used
extensively in the modelling of such non-equilibrium systems. SOC is a paradigmatic concept
of statistical mechanics that describes an attractor state of a driven, open system in which an
instability threshold is present, and that exhibits scale-free, divergent dynamics up to the
cutoff imposed by finite-size effects. In magnetically confined fusion plasma, SOC has been
proposed as an alternative to the turbulence theoretical framework to explain and control the
large levels of transport and heat across the magnetic field lines, known as anomalous
transport, and the associated intermittent character of the energy release that is often found to
occur in bursts with a waiting time distribution. The role of SOC in advancing our
understanding of space and laboratory plasmas as non-equilibrium complex systems has been
reviewed in [1.40, 1.41]. The main emphasis is on how SOC and related approaches have
provided new insights and models of non-equilibrium plasma phenomena. In [1.42] a new
kind of complexity process is proposed, which brings together the theoretical concept of SOC
and that of two-dimensional fluid (or fluid-like, such as the electrostatic drift-wave)
turbulence, unifying them in one description. This work is built around the idea that some
systems do not develop a pure critical state associable with SOC, since their dynamical
evolution involves as a competing key factor an inverse cascade of the energy in reciprocal
space. Then relaxation of slowly increasing stresses will give rise to intermittent bursts of
transport in coordinate space and outstanding transport events beyond the range of
applicability of the “conventional” SOC. Also the work in [1.42] is concerned with causes and
origins of so-called non-local transport in magnetized plasma, for which there are no simple
flux-gradient relations, nor familiar coefficients such as the usual diffusivities and
conductivities, and which constitutes one outstanding “hot” topic in contemporary fusion

research. It is argued using the idea of SOC-turbulence coupling that non-local transport
occurs through amplification (and amplification of amplification) of unstable fronts in the
presence of absorbing boundary at the plasma edge. More so, it is proposed based on the
familiar Hasegawa-Wakatani model of the drift-wave turbulence that the phenomena of SOCturbulence coupling occupy the so far largely unexplored regime of strong nonlinearity and
time scale separation when the Rhines time in the system is small compared with the
instability growth time. The idea that self-consistent strong turbulence may amplify SOC via
coupling to the inverse cascade is theoretically very general and is not restricted to (although
greatly motivated by) the realm of fusion research. In fact it may be used as a proxy to
understand the events of anomalously large size spanning phenomena as diverse as
magnetospheric storms, climate disruptions, huge solar flares and outstanding coronal mass
ejections [1.40]. Research over these issues is under way for comparison with the analytical
predictions.
Radio-Frequency wave propagation and absorption
Quasi-linear modeling of Lower Hybrid current drive in ITER and DEMO: numerical and
analytical studies. The active control of the radial current density profile is one of the major
issues of thermonuclear fusion energy research based on magnetic confinement. Lower hybrid
(LH) waves at several GHz could in principle be efficiently used, but the fact that electron
temperature at reactor pedestal is too high for allowing efficient penetration of the coupled RF
power due to the strong linear Landau damping, could prevent the current profile control over
the desirable radial domain. On the other hand, the high density of thermonuclear plasma
requires the grill to launch LH waves with parallel wavenumber greater then the critical one,
in order to satisfy the accessibility condition. Analytical and numerical results, based on the
quasilinear theory, demonstrating that lower hybrid waves at several GHz can efficiently drive
current in the outer radial half of a reactor plasma by using suitable power spectra, have been
performed. This analysis has been carried out by means of the code “Raystar”, a numerical
tool that includes and integrates several modules: i) “LHPI”, for parametric decay instability
analysis at the plasma edge, ii) “Grill3D” for establishing the coupled spectrum, iii)
“RayLH”, to account for the evolution of wave trajectory and the calculation of the
quasilinear diffusion coefficient, iv) “FokPla” to determine the 2D (in velocity space)
equilibrium electron distribution function in presence of the LH waves, including electron
trapping. The results of this analysis, performed for the expected plasma parameters of ITER
(Scenario 2 and 4) and DEMO (Pulsed and Steady State), demonstrate the key role of the n||
antenna spectrum as well as the antenna location (e.g., in the high field side) in determining
the LH power penetration to the core of thermonuclear plasmas. An antenna spectrum with
sufficiently narrow principal peak at the minimum accessible n|| moderates the strong
absorption expected in a high temperature plasma (which however remains single-pass), and
allows the wave to reach inner layers. PAM (passive-active multi-junction) antennas
realistically designed for ITER and DEMO have been considered; the peak of the power
spectrum and the spectral width can consistently be obtained by suitably feeding and phasing
the waveguide of the PAM antenna in order to get a fine control of the radial deposition
profile. Wave propagation and quasilinear damping of LH waves have also been studied
analytically, supporting the above numerical approach. The combined analytical solution of
ray tracing, amplitude transport equations and time dependent 1D Fokker Planck equation, in
fact, illuminates and explains features of the quasilinear approach and the key role of the
wave spectrum for the LH power deposition profiles [1.43, 1.44].
High Frequency waves in plasmas: an asymptotic approach. The equations describing the
propagation of an electromagnetic wave in tokamak plasma are more manageable when the
frequencies of the electric field are much higher than the electron cyclotron frequency in the

plasma. In this framework an application of asymptotic methods is quite appealing if we
consider the formulation as given in the Babich’s textbook, (Babich and Buldyrev, Asymptotic
methods in short-wavelength diffraction theory, Alfa Science, Oxford, 2009). Applying these
methods we find the Hamilton-Jacobi equation and the transport equation. The HamiltonJacobi equation can be easily solved while the transport equation can be solved iteratively. So
we find the amplitude of the electric field at any order of the expansion. This analysis is
particular useful in order to predict the behaviour of the broadband terahertz (THz) pulse in a
non-uniform and dispersive plasma. It is mainly oriented to a new plasma diagnostic system
based on THz time-domain spectroscopy that simultaneously provides high time resolution
and THz bandwidth coverage, allowing an analysis of wide ranges of plasma density
variations without incurring opacity [1.45].
Complex Maslov germs and high frequency Gausian beams in a cold plasma in a toroidal
region. We consider a system of PDE describing cold plasma in a toroidal region in threedimensional space. This system simulates the passage of a laser beam through the
TOKAMAK, it consists of 9 equations for the electric field and velocities of electrons and
ions in a given magnetic field. Asymptotic solutions describing high-frequency Gaussian
beams are constructed using the theory of Maslov’s complex germs in a fairly effective form.
The solutions of the system are localized in the neighbourhood of the beam passing through
the toroidal domain (the camera). The equations for the ray take into account the density of
particles in the camera and don't “feel” the presence of the magnetic field because of the high
frequency of the Gaussian beam; the dependence on the magnetic field is contained in the
amplitude of the electric field. Before entering in the TOKAMAK camera the amplitude of
the Guassian beam is the same as in the free space, but after the camera the amplitude vector
rotates under the influence of the magnetic field and the formula for the angle of rotation is
given explicitly. An analytical-numerical algorithm based on the asymptotic solutions is used
to analyse the parameters of the magnetic field in the TOKAMAK[1.46,1.47].
Hamiltonian approach in ray tracing LH wave propagation in tokamak plasmas
In our recent work “Analysis of the chaotic behavior of the Lower Hybrid Wave propagation
in magnetised plasma by Hamiltonian theory”, submitted to the journal Entropy, we have
investigated the Hamiltonian character of the ray tracing equations describing the propagation
of the Lower Hybrid Wave in tokamak in order to study the evolution of the parallel wave
number n|| along the propagation path. The chaotic diffusion of the "time averaged" parallel
wavenumber at higher values (with respect to that launched by the antenna at the plasma
edge) has been evaluated, in order to find an explanation of the filling of the spectral gap by
"Hamiltonian chaos" in the Lower Hybrid Current Drive (LHCD) experiments. We have
shown in our work that the increase in n|| due to the toroidal effects, in the case of the typical
plasma parameters of the FTU experiment, is insufficient to explain the filling of the spectral
gap and the consequent Current Drive and another mechanism must come into play to justify
the wave absorption by Landau damping. In fact, although previous works by several authors
have tried to solve the problem of the spectral gap by the Hamiltonian theory, a complete
agreement on the results is still missing. Here we focused on the multi-pass regime, in which
a LH wave injected from the edge of the plasma experiences a large number of radial
reflections. In this situation, the nonlinear effects, which come from the non-linear ray
equations (Hamilton equations), can play a role in the chaotic evolution of the dynamical
system. This chaotic evolution of the trajectory can be associated with a chaotic diffusion of
n||. We have studied the effect of toroidal geometry on the wave propagation as a small
perturbation to cylindrical geometry through the small inverse aspect ratio and we have
applied the canonical perturbation theory to the LH Hamiltonian/dispersion relation to
investigate the presence of resonances between the frequencies of the system. The result of
our analysis performed on the integrable, cylindrical case, perturbed to first order in the small

inverse aspect ratio by toroidal effects, is that the perturbation doesn't give rise to resonances.
On this theoretical bases, we could exclude the possibility of chaos in the ray propagation.
Analytical calculations have been supplemented by a numerical algorithm based on the
symplectic integration of the ray equations implemented in a ray tracing code, in order to
preserve exactly the symplectic character of a Hamiltonian flow. The results of the
simulations show that, in the range of parameters typical of LHCD experiments performed on
FTU, the dynamics of the system remains regular, and the increase in, due to toroidal effects,
is insufficient to justify the wave absorption by Landau damping. Only in the unrealistic high
density case [ne>1014cm-3], the system reveals a chaotic behaviour, and has a large increase.
Collisions influence on parametric instabilities induced by LH waves in tokamaks
The injection of lower hybrid wave power, in
addition to the bootstrap current, can provide a
fully active control of the current density profiles
[1.48]. However, in high density plasmas,
relevant for fusion reactors, parametric
instabilities (PI) at the plasma edge can prevent
the wave power penetration unless the electron
temperature and the density gradient are
sufficiently high [1.49].
In modelling the parametric instabilities
produced in LHCD experiments, the presence of
collisions has been neglected so far. In 2015, a
specific collisional parametric dispersion relation
has been developed for the first time, based on a Figure 1.24 - Contour plot of the ratio of
kinetic equation for the particle distribution collisional and collisionless PI growth rates of
functions with particle conserving collision LH sidebands at parallel refractive index N//=10
in ITER (coupled LH wave parameters fo =5
operator [1.50]. Numerical solutions show that in GHz, P = 3.3 kW/cm2, N//,o=1.85)
cold plasma regions the collisions prevent the
onset of the parametric instabilities. In present day experiments, the collisional suppression of
PI can explain why the LHCD efficiency is not reduced when gas injection near the antenna
mouth is performed to improve the coupling of the LH waves, despite the local drop of the
electron temperature. In fusion reactors, relative low electron temperature with flat profiles
and relative low density gradient are expected to occur in the far SOL. For ITER scenarios,
electron temperature as low as Te = 11.7eV is predicted along a distance of 12 cm from the
wall, and the e-folding length for the density profile is expected in the range 4-5 cm. In such
conditions, the PI prevent the LH power penetration, following the collisionless model. The
collisions determine PI suppression, as shown in Figure 1.24.
Energetic particle physics
Global theory of beta-induced Alfvén eigenmodes excited by energetic ions. The twodimensional global stability and mode structures of high-n beta-induced Alfvén eigenmodes
excited by energetic ions in tokamaks are examined both analytically and numerically,
employing the WKB-ballooning mode representation along with the general fishbone like
dispersion relation [1.51, 1.52]. Here n»1 is the toroidal mode number. Theoretical results
indicate that (i) the lowest radial bound state corresponds to the most unstable eigenmode, and
(ii) the anti-Hermitian contributions due to wave-energetic particle resonance give rise to the
twisting radial mode structures [533]. More precisely, analytical and numerical analyses
demonstrate that, when the non-perturbative EP wave-particle resonant effect is considered,
the BAE is radially localized by the EP-pressure-gradient drive and the lowest bound state is
most unstable. Furthermore, the BAE exhibits the typical twisting radial mode structure in

contrast to the ideal MHD limit with up-down symmetry. The present results offer specific
theoretical explanations for the experimental and numerical simulation observations of the
BAE asymmetric mode structures in the poloidal plane, and more generally of other Alfvén
eigenmodes, when the EP drive is sufficiently strong.
Fast excitation of geodesic acoustic mode by energetic particle beams. A new mechanism for
geodesic acoustic mode (GAM) excitation by a not fully slowed down energetic particle (EP)
beam is analyzed to explain experimental observations in the Large Helical Device (LHD). It
is shown that the positive velocity space gradient near the lower-energy end of the EP distribution function can strongly drive the GAM unstable. The new features of this EP-induced
GAM (EGAM) are: (1) no instability threshold in the pitch angle; (2) the EGAM frequency
can be higher than the local GAM frequency; and (3) the instability growth rate is much larger
than that driven by a fully slowed down EP beam [1.54]. A recent paper by Ido et al. [1.55]
presented experimental evidence in LHD, where EGAM is observed during tangential neutral
beam injection, and some peculiarities ap-pear in the comparison with theoretical predictions.
The EGAM is excited before the injected NBI is fully slowed down, and the EP birth energy
(~170 KeV) is much larger than that predicted for wave-particle resonance; thus, earlier
theories based on a fully slowed down NBI cannot be directly applied here [1.56, 1.57]. Here,
theory explains why EGAM is excited by a not fully slowed down EP beam, with the EP
distribution function being a function of time. The instability drive comes from the positive
veloci-ty space gradient in the low-energy end of the EP distribution function, similar to that
of a bump-on-tail distribution. The EGAM excited by such an EP beam can be applied to
explain the experimental observations in LHD [1.55]. For the sake of clarity, only the local
dispersion relation of EGAM is consid-ered while neglecting system nonuniformity and
higher order effects, such as finite Larmor radius. Modulation of EP distribution function due
to the excitation of EGAM is not taken into account either; thus, this work presents the linear
theory of EGAM excitation by EP distribution function peculiar to the LHD scenarios. For the
sake of simplicity, the helicity of the device is ignored and large aspect ratio is assumed,
consistent with the experiment observation in the center of the device using heavy ion beam
probe.
Structure of wave-particle resonances and Alfvén mode saturation. Understanding the
properties of energetic particle (EP) confinement strongly rely on the comprehension of
nonlinear Alfvén mode dynamics (which saturation level is expected for the mode amplitude
and which effects on EP confinement). We have focused our analysis on nonlinear waveparticle interactions. Two extreme limits concerning nonlinear wave-particle dynamics have
been already widely investigated: weakly driven Alfvén Eigenmodes (e.g. Toroidal Alfvén
eigenmodes) close to marginal stability, for which mode saturation is due to phase mixing of
resonant particles trapped in the potential well of the wave and the radial excursion of EPs is
very limited so that the system is treated uniformly, this fact may result in the formation of
phase-space holes and clumps and adiabatic frequency chirping due to resonant frequencies
following hole and clump propagation; strongly driven Energetic Particle Modes (EPMs), for
which saturation reaches because of macroscopic distortion of the EP pressure profile. The
analysis of the intermediate situation (moderately unstable modes) has not yet been the object
of adequate efforts. In our work, nonlinear dynamics in such intermediate regime has been
investigated by means of the nonlinear hybrid magnetohydrodynamics gyrokinetic code
(XHMGC) [1.58, 1.59].
Gap modes. A detailed analysis of resonant interactions between the mode and particles has
been performed by using a state-of-the-art phase space numerical diagnostic method based on
the Hamiltonian mapping [1.60]. Saturation mechanism, due to resonance detuning and/or
radial decoupling, have been identified. It has been shown that saturation field level exhibits a

quadratic scaling with the growth rate, in the former case, a linear scaling, in the latter case
(Figure 1.25).
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Figure 1.25 - Left: scaling of saturation amplitude of scalar potential versus mode growth rate for a reference
Beta induced Alfvén Eigenmode driven by co-passing (diamonds) or counter-passing (circles) energetic ions
[1.61]. The two cases are characterised by similar mode structures, but very different radial dependence of the
resonance frequency; saturation occurs for radial decoupling in the former case, while a transition from
resonance detuning to radial decoupling is observed in the latter case. Right: an analogous transition observed
by HAGIS-LIGKA [1.62, 1.63] TAE simulation

The dominance of one or the other mechanism depends on the linear properties of the mode
(in particular, the growth rate, the spatial structure and the radial dependence of the resonance
frequency).
Energetic particle modes. Frequency chirping related to EPM's saturation has been observed
both in experiments and simulations (e.g. chirping electron-fishbone by XHMGC simulation
[1.64]). Phase locking has been proposed, within "fishbone" paradigm, to describe such
chirping: the resonance condition with linearly resonant particles is maintained, while
particles are radially displaced, through a continuous modification of the mode frequency. We
have shown that an additional scenario is possible: mode radial localization and frequency
appear to be locked to the shear Alfvén continuum; once the linear resonance population has
exhausted its driving capability (because of local flattening of the phase-space distribution
function), the mode looks for non-exhausted (non-zero gradient) regions of the phase space.
The effect is a succession of resonant contributions from different phase-space regions (each
characterized by a different flattening time), rather than mode adjustment to the evolution of
the linearly-resonant particles.
Linear and nonlinear dynamics of electron fishbones. The fishbones modes are internal kink
(m,n)=(1,1) instabilities induced by fast particles. Ion fishbones (internal kink induced by fast
ions) were first observed in the PDX machine with a density profile of the energetic particles
peaked on axis. More recently, electron fishbones (internal kink induced by fast electrons)
were observed with both a density profile of the energetic electrons peaked on axis and
peaked off axis. In both cases, the observed mode frequency was found to be consistent with
the precession frequency of deeply trapped energetic particles for on axis density profile and
the reversed precession frequency of barely trapped/circulating energetic particles for off-axis
density profile. The numerical approach has been applied to study electron fishbones with a
density profile of the energetic electrons peaked on axis [1.64] and with a density profile of
the energetic electrons peaked off axis [1.65, 1.66]. The study has been carried on with the
XHMGC code [1.58]: the possibility of inducing the electron fishbones is demonstrated in
both cases and thanks to the numerical approach, the saturation process is analyzed in detail.
Concerning the linear dynamics studies, the different fraction of energetic particles involved
for the on axis density profile and off axis density profile was confirmed: particles involved
are trapped particles in the former profile and barely trapped/circulating particles for the latter
one. To fulfill the instability condition [1.67], the mode propagates poloidally parallel to the

bulk electron diamagnetic direction for the peaked on axis profile and parallel to the bulk ion
diamagnetic direction for the peaked off axis profile. About the non-linear dynamics, it has
been studied using the test particle Hamiltonian mapping technique [1.60]; the test particle
coordinates are evolved in the fields computed in a previous self-consistent simulation
allowing a detailed study of the dynamics properties. In fact, the energetic particles driving
the mode, can be represented in a (Pφ,Θ) Poincare phase space, where Pφ is the toroidal
canonical momentum and Θ the wave phase seen by the particle.

PΦ

Θ
Figure 1.26 - Energetic particles, driving the electron fishbone, are represented with different colors in the
(Pφ,Θ) Poincare phase space. The colors depend on the position of the particles with respect to the resonance
radial position. In this case, there are two resonances. As the saturation condition is reached, particles
exchanges position, showing penetrating structures and wave particle trapping

In Figure 1.26, for example, the non-linear dynamics is represented for an off-axis density
profile. As the saturation process keeps on, it is readily apparent the formation of mutually
penetrating structures that give rise to flattening of the density profile of the energetic
particles. Density flattening, reducing the free energy source, contributes to the mode
saturation.
Space and astrophysical plasmas. This line of research is devoted to understand the crossfertilization features between the behaviour of laboratory and astrophysical magnetized
plasmas, especially in view of their axial symmetry. In particular, we analyze morphological
aspects of the transport processes characterizing stellar accretion disks, in analogy to the
phenomenology of the Tokamak devices.
In [1.68], the behaviour of the magneto-rotational instability in axial symmetry for a non-thin
structure is addressed, in order to characterize the role played by the co-rotation theorem in
fixing the parameter and space regions where the instability emerges. The study is performed
using the magnetic flux function as the basic dynamical variable, and restricting the
perturbation structure in order to select the Alfvén nature of the Magneto-Rotational
Instability, i.e., we require that the plasma be incompressible and that the perturbations
propagate along the background magnetic field. The main result coming from this analysis is
that the instability condition retains the same form as in the case of a thin configuration (thin
disks are commonly observed in astrophysical systems), i.e., the axial dependence of the
background enters only parametrically and does not intrinsically affect the stability properties.
In [1.69], the behaviour of the gravostatic equilibrium for a perfect fluid on a Kerr space-time
is investigated in detail. The aim of this approach is to determine the density profile and the
stable and unstable configurations around a rotating back hole or very compact object. The
important merit of this paper is to demonstrate the existence of ring-like matter distribution,
compatible with the morphology of accretion scenarios (here characterized via the link
existing with between the steady configuration and the horizon surface). This result provides a
very significant hint on the observed formation of ring-like structures in accreting systems,
such as nebulae around a Neutron Star. The generalization of this result in the presence of a
sufficiently strong magnetic field call attention to understand if the corresponding
confinement can play a relevant role in fixing the plasma distribution scenario.

WP - Code Development. The activities carried on under this Work Package mainly continue
the ones developed in the Frascati Laboratories last year. They belong to the following
subprojects: ACT1. Equilibrium and Stability chain, and Free boundary equilibrium code
CLISTE, ACT6. Benchmark non-linear codes for fast-ion MHD interaction, ACT7:
Adaptation of core-edge and edge codes.
Equilibrium and Stability chain. The development of a linear MHD stability chain toolset in
the WPCD platform was aimed at providing a unique valuable instrument for the MHD
stability analysis of equilibria from present EU devices and also future machine such as ITER,
JT60-SA and DEMO. The toolset was developed in Kepler and the resulting workflow can be
used in equilibria with/without separatrix offering interchangeability of some of the
equilibrium and MHD stability codes.
In the EQSTABIL Kepler workflow, a custom “actor” extracts, from full domain equilibrium
with a separatrix, a nested closed flux surface equilibrium with plasma boundary flux at
selected fraction of the separatrix flux. The workflow includes HELENA, CHEASE and
CAXE equilibrium codes and ILSA, MARS, MARS-F and KINX linear MHD stability codes.
The modular approach allows interchangeability of the codes for compatible equilibrium
metrics e.g. ILSA/MARS/MARS-F, compatible with CHEASE/HELENA. KINX, capable of
addressing plasmas with separatrix, is limited to using a custom made quasi-polar
quadrangular grid adapted to nested magnetic surfaces provided by CAXE. The whole
package was assembled during 2015 for usage with the 4.10a3 schemas and UAL dataversion.
The workflow went through a thorough verification and benchmarking of its MHD codes for
AUG and JET shots (in collaboration with JET1, MST1), addressing code convergence with
poloidal harmonics, grid resolution and growth rate dependence on radial location of a
conformal conducting wall [1.70].
The specific activity in Frascati has been related to implementing and maintaining the linear
MHD solver MARS [1.71] in the above mentioned EQSTABIL workflow, and providing
specific benchmarks and documentation.
Free boundary equilibrium code CLISTE. As a first aim this year, we wanted to make
CLISTE work with data plus signal identifier in arbitrary order. The beneficial part of the
found solution is that it will be possible to have a single version of CLISTE instead of two,
one compiled on the Gateway, and the other on AUG computers. This was possible because
the main difference between the two versions was in the part that was reading the data and the
signal identifier. A decision was made to develop a couple of Fortran modules with the same
interface, basically composed of routines with same name and same arguments (except some
initialization routines). Basically one module will read data from WPCD CPOs, while the
other will read data provided by the AUG machine as it is working now. As a first step a
module was written which is able to read magnetic data provided by AUG, while an
adaptation is under way to make the existing module that accesses Gateway data to have the
same interface as the previous one. Conditional compilation can be employed to compile
CLISTE on the Gateway or on AUG.
A second aim was to change the way CLISTE read the code parameters, and for this purpose a
module that read them from an XML file has been also prepared. Both aims have to be
continued in the following years.
Linear benchmarks between the hybrid codes HYMAGYC and HMGC. The verification of the
non-linear code HYMAGYC, the new Hybrid MHD-Gyrokinetic code for fast-ion and MHD
interaction, was pursued in 2015 [1.72] on the so-called TAE n=6 ITPA Energetic Particle
(EP) Group test case [1.73] for linear benchmark. The code HYMAGYC is suitable to study
EP driven Alfvénic modes in general high-β axisymmetric equilibria, with perturbed
electromagnetic fields fully accounted for.

0.06

γ/ω

0.295

ω/ω

A0

0.05

A0

0.29

HYMAGYC
(lower KTAE)

HMGC
(TAE)
HYMAGYC
(lower KTAE)

0.285

0.04

0.28

0.03
0.275

0.02

HYMAGYC
(TAE)

HYMAGYC
(TAE)

0.27

0.01

HMGC
(TAE)

lower Alfvén
continuum tip

0.265

0

0.26

0

0.002

0.004

n /n
H0

i0

0.006

0.008

0

0.002

0.004

n /n
H0

0.006

0.008

i0

Figure 1.27 - Normalized growth rates (left) and frequencies (right) as a function of nH0/ni0.

An extensive benchmark against the code HMGC [1.58], which solves the reduced MHD
equations for the bulk plasma and drift-kinetic equations for the EP species, was pursued: to
this purpose, the gyrokinetic equations solved by HYMAGYC have been reduced in order to
satisfy the same limits of validity of the HMGC ones. After a characterization of the MHD
spectrum, the results of the EP drive have been considered, varying first EP density nH0.
In order to ensure numerical stability in HMGC, a value of resistivity corresponding to the
inverse Lundquist number S−1 = 10-6 has been assumed for both codes. At low values of
nH0/ni0 (w.r.t. the reference ITPA benchmark case value nH0/ni0 = 7.20655×10-3, ni0 being the
on-axis bulk ion density), frequencies and growth-rates are very similar (see Figure 1.27 right
and left respectively, circle symbols) corresponding to a mode localized in the toroidal gap,
0.01
i.e., a TAE. For higher values of nH0/ni0, the
14
3 -1
γ/ω
γ
γ/10 s
A0
drive, HYMAGYC
most unstable mode obtained by HYMAGYC
12
0.008
is clearly a mode emerging from the lower
10
Alfvén continuum, i.e., a lower KTAE (see
0.006
8
Figure 1.27 right, triangle symbols) exhibiting a
γ
drive, HMGC
HYMAGYC 6
higher growth rate compared to the most
0.004
(TAE)
unstable mode observed by HMGC (Figure
4
1.27, left), which is still a TAE.
0.002
HMGC
2
In the spirit of the ITPA benchmark, a scan on
(TAE)
the EP temperature TH has been performed at
0
0
the value nH0/ni0=2×10-3 (lower than the
0
200
400
600
800
reference ITPA benchmark case value), in
T (keV)
H0
order to compare the two codes in a regime
Figure 1.28 - Normalized growth rates (left axis)
where both observe the same TAE as the most
versus TH0 at nH0/ni0 =2.×10−3; right axis reports
unstable mode. Qualitative agreement is
the growth rates in 10−3s−1. Results for HMGC (red
obtained considering the dependence of the
square symbols) and HYMAGYC (blue circle
growth-rate on TH, while significant
symbols) simulations are shown; the triangles at
quantitative differences are observed, which
TH0=400 keV are the EP γdrive
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the EP drive to the growth rates (see Figure 1.28). The main discrepancies observed can be
traced back to the different response of the MHD solvers, e.g., with respect to the continuum
damping and discretization schemes.
Adaptation of core-edge and edge code. The two transport codes, TECXY and COREDIV,
have been ported to the Gateway. Stable versions have been uploaded to the svn Gforge
repository and released for the general use. In addition, post-processing based on the
CERNLIB graphical library has been added and is working.

In case of the COREDIV code, a routine has been
prepared to generate input CPO for ETS based on the
COREDIV results. The calculated CPO is written to
both, local ASCII file and UAL. CPO is generated by
the routine prepare_input_cpo_cd.F90. In addition,
work has been started to prepare the SCENARIO CPO.
In case of the TECXY code, works on the development
of simplified mesh generator for TECXY have been
continued. The new mesh, in addition to the SOL part
of the mesh, contains also the core and private regions
(see Figure 1.29). TECXY has been adapted to work on
the full mesh. This new features still requires some
testing before public release of this new version of the
TECXY code.
Works to generate edge CPO from TECXY data has
been
started.
A
new
routine Figure 1.29 - TECXY mesh for the DEMO
prepare_tecxy_edgecpo.f90 working on gateway has Super –X divertor configuration
been prepared which reads the TECXY data and
produces a template EDGECPO. However, It is necessary to define what kind of EDGECPO
is required. Works on the development of the multi-species version of the TECXY has been
initiated and first test performed.
Both codes, COREDIV and TEXCY are working on gateway. Works on the model and codes
enhancements are to be continued.
1.1.5 WP – MST1
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AUG15-1.1-1 ITER baseline confinement and development of alternative scenarios
The main goals of the experiment are the following:
ITER baseline scenario at q~ 3.6, (i.e. here Bt=-2.0T & Ip=1.0MA)
• Started from reference #31148
• Study ELM-mitigation with B-coils
• Study ELM-mitigation with N-seeding
• Study confinement improvement with N-seeding
For this experiment is required the
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(eigenvalue) and mode structure (eigenfunction) for a given toroidal mode number and
equilibrium.
The version of HELENA used at ASDEX, uses quite different input file format than the JET
version of HELENA. To feed the ASDEX HELENA’s input file to the JET version of
HELENA some transformation were necessary and some tools to do the transfer from one
version to the other have been developed. Figure 1.30 shows the stability analysis for the
reference for the experiment, the #31148, performed by MISHKA-1. The stability diagram
presented here uses the dimensionless maximum pressure gradient (αmax) instead of the p’ped.
The star is the operational point representing the plasma state in a specific time of the
discharge. The change in colour from blue to red corresponds to an increase in the growth
rate of the most unstable mode. A contour of constant growth rate is used to define the
stability boundary. The proximity of the point to the stability boundary indicates the stability
of the plasma edge at time corresponding to the input profile. The location of the stability
boundary depends on the pedestal width.
TCV15-1.3-6 Decorrelation of runaway electrons by magnetic perturbations and role of
3D plasma response
Experiments were performed in 2015 to obtain and control a runaway electron (RE) beam
during the post-disruption phases of TCV plasmas (25 shots).
RE beams (Figure 1.31)
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runaway beam current Figure 1.31 - Runaway electron plateaus in TCV
ramp-down have been
obtained using ohmic coils. A new algorithm that detects the runaway plateau onset and
replace the standard current reference with a suitable one (ramp-down) has been
implemented. Further tools (double integrator) to improve the current decay have been
partially tested.
AUG15-1.3-3 Disruption avoidance using ECCD in high beta conditions
Two new disruption target scenarios for avoidance with EC power have been prepared in
2015 AUG disruption avoidance experiments: H-mode Density Limit (HDL, 6 shots, 0.8 MA,
-2.2T) and Impurity Injection (2 shots, 1MA, -2.5T). Both scenarios suffered from reaching
the EC cutoff density at the application of the EC. The analysis of the results of the
preparatory discharges indicates that: a) a lower Ip target must be chosen (0.6 MA, -2.2 T) in
order not to reach the EC cut off preventing EC absorption; b) the MARFE activity is starting

before any MHD onset (this is common with the L-mode Density Limit (LDL) cases) but the
MHD phase is shorter in HDL. As a consequence of point b) the EC injection should be
started as soon as possible, if necessary using a pre-programmed trigger instead of a RT one.
The preparation of additional RT trigger signals for EC (in addition to the existing Loop
Voltage and Locked Mode) based on Mirnov coils and on a bolometry MARFE detector is
being pursued. Moreover, the RT implementation of the SVD analysis, providing information
on the mode m and n numbers, is on going and shall be used in future experiments. Four shots
relevant for the high βN scenario were also successfully performed in 2015: ECCD
application (using 2 upper gyrotron mirrors RT-controlled on the q=2 before the EC trigger)
lead to disruption avoidance, with the discharge surviving for over 1 s.
AUG15-1.7-2 Active control of Alfvén Eigenmodes using ECRH/ECCD, ICRH and
RMPs
The activity has been focused on the analysis of the experimental data of the reference shots
as well as on the first shots of the experimental program, performed in October 2015. In
particular, the SN32315 has been studied, in which AEs were driven by ICRH during L-Mode
phase and associated fast-ion transport was observed. The data interpretation has required the
development of specific modelling. The experimental scenarios have been analysed utilizing
the code TORIC [1.74] to evaluate the power deposition and the distribution functions of the
ions accelerated by the additional ICRF power. The rf power spectrum coupled to the plasma
has been calculated for both types of antenna in AUG utilizing the code TOPICA [1.75]
assessing the sensitivity to the ion temperature and to the tilt angle of the magnetic field. The
distribution functions provided by such analysis represent an average performed on a
magnetic surface, thus the poloidal dependence is lost. Therefore, they allow only a rough
evaluation of the ICRF power effects on the AEs. A numerical code has been developed to
express the equilibrium distribution functions in the presence of ICRF heating by the
parametric form proposed in Ref. [1.26] and [1.27] in terms of the toroidal canonical
momentum, the kinetic energy and the magnetic moment, and consistently with the results of
the TORIC code. Once completed the testing and debugging phase of such code, the
calculated distribution functions will be used to perform the stability analysis of the AEs and
to evaluate their frequency spectra utilizing the HMGC code [1.58], [1.59], for a direct
comparison with the experimental results.
TCV15-1.4-4 Advanced NTM physics
TCV experiments for
the understanding of
the EC effect on the
low plasma rotation
and on the NTM
onset
have
been
performed injecting
central EC power in
L-mode
scenario.
Main
plasma
parameters
are
characterized by Ip=110 kA, B0=-1.41 T,
Figure 1.32 - Toroidal plasma velocity
averaged
19 -3
ne~1.1x10 m ,
triangularity ~0.24 and elongation 1.45, as in previous similar TCV experiments [1.76].

Rotation changes from counter (positive values) to co (negative values) plasma current
direction and NTM destabilization have been investigated with co-ECCD and different EC
power ramps up to a maximum level of about 1 MW. The toroidal plasma velocity is
observed to decrease promptly, as shown in Figure 1.32. The 2/1 mode is triggered during the
ramp up phase when the EC power is ~0.8 MW and it lasts for 1.4 s also in the ramp down
EC phase until the end of the discharge. In figure on the right the main experimental traces are
plotted, as the plasma current, the power level of the 3 used gyrotrons and the 2/1 mode
frequency. The harmonic 4/2 is also observed. The theoretical interpretation of this kind of
plasma response to the EC injection is in progress and different physical mechanisms are
taken into account as turbulent effects, pump-out phenomena at the edge and a non vanishing
torque driving the toroidal rotation by a displacement current.
TCV15-2.4-1 Detachment optimisation in snowflake configuration
The so called ‘snowflake’ (SF) configuration, in which two close x-points and four strike
points are magnetically produced, has been proposed as a method to reduce the density of the
power load to the divertor. In principle the SF configuration can also provide the advantage of
achieving plasma detachment from divertor at a lower density than in the standard single null
(SN) configuration. This could allow the operation in the detached regime of reduced divertor
power load far from density limit disruption, which is mandatory for the foreseen future
DEMO device. To verify experimentally this last SF feature some experiments in various SF
configuration (SF+, SF- HFS/LFS) without and with Nitrogen seeding have been executed in
TCV and compared with matched experiments performed in SN configuration, in the contest
of the EUROFUSION MST1 work package.

Figure 1.33 - Example of Degree of Detachment
versus density for a SN pulse

Figure 1.34 - Example of Degree of Detachment
versus density for a SF (LFS) pulse

In these experiments a similar degree of detachment has been obtained in all tested magnetic
configurations (see two examples in Figure 1.33, Figure 1.34), while some differences have been
observed in terms of core/edge radiation distribution. ENEA – Consorzio RFX activity has
been mainly focused on pulse optimization, Langmuir probe data analysis, detachment dataanalysis and edge modelling. Langmuir probe data analysis codes has been analysed and
improved in term of speed to allow and easier inter-shot data analysis. To understand the
experimental results edge modelling of discharges has been started using the SOLEDGE2DEIRENE code. Further experiments have been foreseen in 2016 to extend the range of

explored density and Nitrogen seeding with the aid of NBI heating and ECRH for mode
suppression.
TCV15-2.4-3 Characterisation of advanced divertor configurations
Double Decker (DD) configuration [1.77] has been proposed as a novel divertor concept to
investigate alternative power exaust solutions for DEMO: the inboard leg of a single null
poloidal field divertor is pulled around the interior of the vacuum vessel to allow it to be

Figure 1.35 - Single Null (blue solid line), Snowflake (red solid line) and Double Decker like configuration
(black solid line) equilibria for TCV tokamak. DD configuration been preliminary studied by CREATE-NL tools
code starting from SF discharge #49266 at t=0.8s

treated as an outboard leg. This topology reduces the inboard leg parallel heat flux by
increasing the target radius, moving the plasma wall interaction to an area of lower magnetic
field. Both divertor legs are pulled outwards in major radius to form a horizontal double deck.
The potential benefits of a DD configuration will be investigated and compared to snowflake
(SF) and standard single null (SN) for TCV tokamka (Figure 1.35) in the contest of the
EUROFUSION MST1. Experiments have been foreseen to be executed in 2016.
1.1.6 WP – MST2
Reflectometry on AUG ICRH antennas
A multichannel reflectometer has been developed and installed on AUG, in collaboration with
IST (Lisbon) and IPP (Garching), with the purpose of measuring the anisotropy of density in
front of the antenna. Waveguides of 10 access points have been integrated within the
structure of the new ICRF antenna for AUG, to provide as many as possible view lines of the
plasma in front of the ICRF antenna. The in-vessel components, previously tested on AUG
octant have been installed during last AUG shut-down and completed in spring 2015.
External waveguides from vacuum windows to the rack of electronics were tailored and
mounted (Figure 1.36), for only three channels out of seven available (at top-right and bottomleft corners and middle of the antenna). Electrical insulation is ensured by 0.2 mm thick foil

of kapton inside a waveguide junction. Final assembling of the whole system with 3
instrumented channels was achieved at the end of 2015, so that some data on AUG plasma
have been obtained before the end of the year. Commissioning of the instruments will
continue on 2016.

Figure 1.36 - Layout of the external waveguide from vacuum window at port Co12 to the rack of electronics

A calibration of the 3 channels, with complete final layout of waveguides, was performed
before closing AUG vacuum. The calibration measures the total time delay of waveguides,
which is necessary for balance the delay in reference signal, and to provide a zero position for
each launched frequency. A flat mirror has been put at a known position in front of the
antenna inside vacuum vessel, and the time delay is measured during the frequency scan. As
the final system was not available for the calibration, a temporary layout has been assembled
in homodyne detection, using part of the reflectometer electronics and part of components
available at IPP.
The measured calibration
signal in one of the three
channels, together with
its spectrogram is shown
in Figure 1.37. It can be
observed that the signalto-noise ration is quite
good. The observed
modulation is the beating
frequency due to the time
delay between the two
beams at the mixer that is
seen by the mixer as
frequency shift for the
fast change of frequency.
It’s worth to note that the
beating
frequency Figure 1.37 - Amplitude and spectrogram of the signal measured on ch 8,
slightly decreases with with a mirror placed 180 mm from the horns. The x-axis is the frequency of
scanning frequency, for RF launched. The slow change of the beating frequency (y-axis) is due to the
the waveguide dispersion dispersion relation of waveguide. Jumps at certain frequencies are caused by
relation
that
caused multi-reflection, between the mirror and the ICRF antenna structure
different delay for different frequency, so that from the total change of the beating frequency
the length of waveguide can be inferred. The jumps of beating frequency observed at about 48

GHz and 56 GHz, were produced by multi-reflections between mirror and antenna structure,
that form a resonating cavity for certain frequencies.
RF components of the reflectometers (front-end) must be located as close as possible to the
vacuum windows in order to reduce the waveguide losses. To avoid interference of part of
electronics with stray field of the tokamak, IF components has been assembled in separated
boxes and connected with front-end by low-loss coaxial cables, so that the can be displaced if
required. Fortunately, this was not the case, even though a magnetic shield for the power
supplies was installed to avoid failures.
Together with the reflectometer an acquisition system based on ATCA standard, have been
put into operation. A Linux processor controls the ATCA crate with an 8 channels ADC
having 250 Mb on board and 200 MS/s sampling frequency. The acquisition system have
been installed and interfaced with ASDEX database.

Figure 1.38 - Reflectometer data from antenna 1 for shot #32774. Left-top) I and Q signals plotted versus the
scanning frequency; right-top) signal amplitude; right-bottom) signal phase; left-bottom) spectrogram of the
phase derivative (beating frequency)

The diagnostics is now installed and running on AUG tokamak. One of the first signal
acquired is reported in Figure 1.38. The elaboration program for the calculation of the has been
1.1.7 – International Collaboration
IPP ICRH antennas
Two new antennas have been constructed and assembled in collaboration with IPP (Garching)
and ASIPP (Hefei, China) in order to optimize electric field of the antenna minimizing the
spurious component. A set of waveguides of a multichannel reflectometer has been
embedded in one of the two ICRF antennas, in order to measures the density in front of the
antenna.
The construction has been completed in autumn 2014 and during the mounted inside AUG
during the long shut-down in spring 2015. No major issues arose during the installation,
owing to the detailed design made of all components on CATIA model. Only small issues
occurred for the presence of small components present on vessel that where not present

neither on 3D model nor on octant mock-up, that interfere especially with embedded
reflectometry components. Issues have rapidly been solved with small modifications of some
mechanical support of the reflectometry waveguide, without introducing any delay in
scheduled activities.
The new antennas have taken the place of two of the four old antennas. In Figure 1.39, the new
(left) and old (right) antennas are shown together. Parts of three straps of the new antenna are
slightly visible through the Faraday shield.
First results on plasma are very promising. In fact, as a result of the optimized electric field,
the new antennas produce a reduced influx of impurity also in presence of tungsten wall,
where an increase of impurity is observed in same condition and power level.

Figure 1.39 - The new (left) and old (right) antennas

GEM Imaging and Tomography W7X e KSTAR
Activity of soft-X ray diagnostic on Tokamak plasmas with triple-GEM (Gas Electron
Multiplier [1.78]) detectors [1.79] continues to have a growing interest [1.80]. Recently more
results have been achieved during the experimental campaign of the KSTAR Tokamak
(KAIST, Daejeon - South Corea).

Figure 1.40 - The reconstruction images overlapped to
the Magnetic flux surfaces obtained from rtEFIT

Figure 1.41 - (a) a sawtooth oscillation from the ECE
signal and the GEM signal for one KSTAR shot. (b)
Reconstructed magnetic islands at the end of a crash
and during the build-up phase

The GEM detector has an active area of 10 x 10 cm2 with 120 pixels, each one having an area
of 8 x 8 mm2. Front-End-Electronics is based on a set of 8 CARIOCA chip cards and an
FPGA (Field Programmable Gate Array) mother board. A pin-hole camera has been realized
using this GEM detector on a tangential port of the KSTAR Tokamak. Pin-hole is realized
with a beryllium window 150 µm thick and 2 cm in diameter. GEM detector can move back
and forth and then the spatial resolution on the magnetic axes can range from 3.3 to 9.6 cm. In

addition it can move up/down and left/right in order to observe different areas of the Tokamak
camera (Figure 1.40).

Figure 1.42 - Reconstructed images from the visible camera (top) and the GEM X-ray camera (bottom) when a
vertical displace event happens

The aim was the study of high temperature plasmas that emit X-ray photons in the energy
band of 4÷15 keV. Front-endelectronics allows the acquisition of a maximum of 60,000
frames at a maximum frequency of 1 kHz. For the next experimental campaign, FPGA will be
reprogrammed in order to increase the frame rate up to 1 MHz. Poloidal cross-sectional
images were reconstructed through the Philips-Tikhonov algorithm applied to the original
data acquired by the GEM detector. Phantom tests with synthetic D-shaped plasma images
and a comparison with the magnetic equilibrium flux surfaces from the real-time EFIT code
were performed obtaining a good agreement between each other. The KSTAR experiments
show the main advantages of using a tangential camera system: compactness, high efficiency,
energy discrimination in bands, selectivity of the photon energy range and so on. 2-D X-ray
images of the KSTAR plasma were acquired during some typical plasma phenomena:
sawtooth crash, electron cyclotron heating, vertical displacement event, emissivity from the
injected trace Ar impurity and so on. In all cases the observed phenomena are correctly
described in accordance to the other standard diagnostic systems [1.81]. Figure 1.41 and Figure
1.42 show the plasma mapping obtained during a sawtooth crash and a plasma shutdown
phase.
For the year 2016, the installation of a similar GEM camera is scheduled for the Wendelstein
Stellarator (W7X, IPP Max-Planck-Institut fur Plasmaphysik - Greifswald). This new German
machine produced its first plasma on December 2015.
Snow Flake configuration
The SF configuration is characterized by a second-order null in the poloidal magnetic field
(BP), where both BP itself and its spatial derivatives vanish. As it was realized in the first
assessment of the SF [1,82], an exact SF configuration is topologically unstable: any
imbalance of the Poloidal Field (PF) coil currents, splits the second-order null in two firstorder nulls, leading to a variety of the topologically-stable SF-like configurations [1.83].
A divertor configuration with two nearby nulls has been modelled and created for EAT
tokamak. In the two nearby nulls configuration, or so-called quasi-snowflake (QSF), the
secondary null could be moved around to change its distance from the first null and to form a
magnetic configuration that features either contracting or flaring geometry near the plate
[1.84]. QSF equilibria (400kA/1.8T, vertical target configuration), with the secondary x-point
“close” or “far” from the vessel structures [1.85], have been designed and optimized by means
of CREATE-NL equilibrium code [1.86] for EAST tokamak (see Figure 1.43 and Figure 1.44).

The experiments have been devoted to study the linear dependence of the gradient of
magnetic field BP in the primary null on the distance between the two nulls, that characterizes
the interdependence of the field structures of both nulls. Indeed, the flaring of the magnetic
flux (characterized by the magnetic field gradient) in the primary null is affected by the
presence of the secondary null as discussed in [1.85]. This flaring could be then directly
translated to the increased wetted surface area and reduced heat flux [1.83]. A selfexplanatory way to show the aforementioned dependence is to plot the iso-contours of
|R⋅Bp|/|R⋅Bp|midplane = const around the nulls, with const = 0.01 - 0.1 [1.85] for QSF EAST
configurations modelled by CREATE-NL equilibrium code.

Figure 1.43 - Iso-contours |R⋅Bp|/|R⋅Bp|midplane = const
for “far nulls” QSF configuration in EAST tokamak

Figure 1.44 - Iso-contours |R⋅Bp|/|R⋅Bp|midplane = const
for “far nulls” QSF configuration in EAST tokamak

A direct manifestation of the conversation between the nulls is that the flux flaring
(characterized by the magnetic field gradient) in the main null is affected by the presence of
the second null. Indeed, as it may judged from the Figure 1.43 and Figure 1.44, the gradient of
|BP| is proportional to the distance between the nulls.
Experimentally, first L-mode [1.85] and recent long pulse and H-mode discharges [1.87] at
EAST have shown heat flux reduction once the shape moves from SN to a two nearby nulls
divertor configuration with a contracting geometry near the target plates and a significant
distance between the two nulls. In coming 2016 EAST experiments, the upgrade of ISOFLUX
control system will allow to control the exact position of secondary x-point. This will permit
to increase the additional heating power and to easily vary some of the features of the
topological configuration in H-mode discharges at low and high plasma current, i.e. moving
from contracting to flaring geometry near the target plates with the second null located on the
vessel.
LH on EAST
LH Systems. The 4.6 GHz antenna on EAST underwent damages during the experimental
campaign in Summer 2015 owing to electrical discharges at the launcher mouth. Support
from ENEA-Frascati helped in identifying the causes of the damages through the analyses of
experimental data as well as full-wave simulations of the electric fields. In addition to optical
arc detectors looking at the radiofrequency windows, the use of detection systems, suitable for
plasma facing arcing events, was proposed. Coupling performance and launched power
spectra in realistic EAST plasmas were calculated for the 2.45 and 4.6 GHz antennas using
different numerical tools available at the Frascati research center, namely GRILL3D,
TOPLHA and Comsol Multiphysics. Good agreement between the predictions of the coupling
codes were obtained. The full antenna designs were carefully checked finding out the
presence of poloidal phase compensation and studying the effect of periodically spaced holes,
conceived to produce vacuum in the waveguides. Power spectra sensitivity owith respect to
the angle between the equilibrium magnetic field and the equatorial plane was assessed.

LH wave physics of plasma edge. Assessing wave physics in the plasma edge is important for
LH penetration and consequent current drive effect in tokamak main plasmas, especially at
reactor-graded, high plasma densities, as important FTU results demonstrated [1.88].
Modelling of Parametric Instability (PI) has been performed using the LHPI ENEA-Frascati
code, considering the parameters of two EAST reference discharges, respectively with weak
and strong lithisation. Frequencies and growth rates of coupled modes have been identified,
considering several radial layers located near the antenna, more internally in the scrape-off
layer (SOL), and also in the periphery of the main plasma, where the PI growth rate results to
be still not negligible.
The performed modelling work focused on interpreting the sideband, present in the RF probe
spectra, which is separated from the operating line frequency by amount in the range of the
ion-cyclotron (IC) resonant frequency close to the edge. However, in the two compared
operating conditions, it is problematic inferring the location of the radial layer where the
sideband should be originated, namely, in the low- or in the high-field side.
The behaviour of such sideband has been successfully interpreted, indeed, by modelling
results showing that an LH wave can actually propagate at a frequency downshifted from the
pump ranging from about 10 MHz to 15 MHz, depending on the operating conditions of
experiment. This frequency corresponds to condition of maximum PI growth rate, which is
however originated in a layer located near the plasma edge, in the low-field, roughly at
normalized minor radius 0.9≲r/a≲1.02, (r/a=1 corresponds to the last closed magnetic field
surface).
Consequently, the origin of the observed sideband has been indeed inferred as, in both the
considered operating conditions, the relevant sideband is reasonably originated in the scrapeoff layer, in the low-field side.

1.2 – JET
1.2.1 – JET1
Introduction
After the shut down, started in October 2014 with the main aim of removing tile samples, reinstate the ITER Like Wall antenna (ILA) and optimizing the pellet injection track, JET
restarted in June 2015 achieving the first plasma on 26 July 2015 (#88088). After standard
commissioning procedures, Campaign C-35 then started on 10 November 2015 and ended on
18 December 2015.
During the year 2015, before the experimental campaign, ENEA scientists were engaged in
proposing and preparing experiments for both C-35 and C-36. At the same time they brought
forward the analysis of previously collected data and prepared papers for the coming
conferences.
Since the beginning, JET operation was affected by a limited availability of additional heating
power thus causing the objective of developing high performance plasmas for future
Deuterium-Tritium (DT) experiments to be only partially addressed. Especially the main
plasma scenarios, the so called Baseline and Hybrid scenarios, proposed for future DT
operation could not be taken to the highest performance which require, at the same time, high
current and normalized pressure (βN). In spite of this, many investigations were carried out to
progress physics understanding and prepare for full power operation.

In regard to the regarding JET campaigns work program (JET1-WP) ENEA scientists and
associated partners were involved in the following topics:
1. Development of the Hybrid Scenario
2. Analysis of MHD instabilities in the Hybrid scenario
3. Safety factor profile determination using MHD markers and mode localization
4. Radiation fraction studies in quasi-snow-flake magnetic configuration
5. Flux expansion EDGE2D-EIRENE simulations
6. Pedestal stability analysis
7. Ion Cyclotron Resonant Heating (ICRH): modelling with TORIC
8. In collaboration with CREATE
a. Development of advanced tools for plasma shape control
9. In collaboration with Tor Vergata
a. Equilibrium reconstruction code: JEC2020 benchmark and constraints
b. Confinement scaling laws
c. Assessment of pellet pacing efficiency
10. In collaboration with Politecnico di Torino
a. ICRF Antennas Analysis with TOPICA
11. In collaboration with Università di Cagliari
a. Plasma Instability studies
In addition to contributing to JET1-WP, there was a substantial contribution to the work
program ‘Technological Exploitation of JET DT Operations” (JET3-WP) lead by an ENEA
scientist. Here is a list of the main topics of interest:
1. Neutron detector calibration at 14-MeV neutron energy - NC14
2. Validation of neutronics and activation codes - NEXP
3. Tests of neutron and tritium detectors for Test Blanket Modules (TBMs) - TBMD
4. Data validation for the activation predictions of ITER materials - ACT
5. Collection of operational experience on occupational dose – NSAF
6. Measurements of tritium retention and outgassing, and of airborne tritium – TRI
7. Characterisation of neutron field, activation and dose rates - NCAL
Under the coordination of ENEA researchers there were also two projects of the work
program “Enhancement” on the following topics (JET4-WP) dealing with the following
topics:
1. Neutron Camera Upgrade (NCU)
2. Vertical Neutron Spectrometer (VSN)
Development of the Hybrid scenario for DT
The so-called “Hybrid” scenario operates in an intermediate (hybrid) parameter range
between the inductive or “Baseline H-mode” and the “Steady State” scenarios [1.89]. The
Hybrid aims at a low central shear safety factor profile, no or moderate sawtooth, medium
density (Greenwald fraction ∼0.6), edge q ∼4, normalized pressure βN>2.5 and confinement
factor H98y2 > 1.2, where H98y2 is the confinement time divided by the prediction of the ITER98y2 scaling [1.90]. The Hybrid is considered to be one of the best candidates for DT
operation especially in relation to its ability of maximizing the fusion performance expressed
in terms of neutron yield.
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In the first half of 2015 the analysis of the data produced in the previous campaigns was
completed and results were presented at the Lisbon European Physics Society conference
(EPS) held in June 2015 [1.91]. A new ILW neutron yield record had been achieved
corresponding to 2.3x1016 n/s at normalized pressure βN= 2.1 and confinement H98y2= 1.1.
In spite of the limited amount of available
power, it was possible to achieve a good
peak performance, while the required
duration (5 s) remains to be achieved yet.
The performance duration was limited by
impurity
accumulation
and
MHD
instabilities leading either to performance
deterioration or a disruptive termination of
the discharge. A gas scan performed at 2.5
MA, 2.9 T and 23-26 MW of additional
power, revealed a strong sensitivity of edge
instabilities (ELM) to small changes of gas
rate not seen at lower current and power: this
made it difficult to find a good compromise
Figure 1.45 - Gas scan at 2.5 MA, 2.9 T, low between impurity control, eased by frequent
triangularity, tile 6. From top: NBI (solid) and
ICRH (dashed) power, total radiation, gas rate, ELMs, and performance degradation. Figure
normalized beta and normalized confinement. 1.45 shows the two extremes of a five shot
Shot 88874 (blue) with 40% less gas exhibits a scan in which the gas rate was gradually
better performance at the cost of more radiation, increased: a 40% gas reduction is seen to
lower ELM frequency and poorer stability
cause a dramatic effect on performance and
impurity behaviour. Previous power scans, performed at constant engineering parameters i.e.
plasma current, toroidal field and density, had already shown a weaker power degradation of
the confinement than expected from ITER scaling.
An extension of this analysis to a wider
database, including plasmas with different
engineering parameters, indicated that the
thermal pressure, normalized to magnetic
pressure and current (βN), was more relevant
for high confinement than the input power per
se, though disentangling the role of these two
parameters remains not trivial.
A dependence, H98y2∝βN0.63, was found to best
fit data for Ip > 1.8 MA and 1.1 < βN < 2.4
(Figure 1.46). The indication that best
performance is obtained at high beta (and/or
power) is also theoretically justified and Figure 1.46 - H98y2 versus βN for Hybrid with Ip>
refer to plasmas with
reproduced in modeling activity as a virtuous 1.8 MA. Red symbols
constant ρ* (5.0-5.1 x10-3)
core-edge feedback that reduces microturbulence and MHD effects [1.92]. In Figure 1.46, in order to eliminate the possible effect of

changes of the ion Larmor radius, normalized to the plasma minor radius (ρ*), some points at
fixed ρ* have been highlighted in red. These points are well aligned with the scaling
confirming the βN dependence [1.91].
In November 2015 with the start of the new Campaign C36, the Hybrid development
continued with the main aim of addressing the capability of the divertor to withstand the
elevated power flux expected at high performance. Two routes have been investigated. The
so-called “unseeded route”, based on strike point sweeping techniques meant to spread the
load on a larger divertor area, gave encouraging results. The “seeded route”, tested so far only
with Neon injection, though capable to significantly reduce the peak tile temperature while
maintain a good average performance, shows a significant reduction of the fusion
performance (neutron yield) due to profile effects and core plasma cooling. This effect, if
confirmed, would make this technique unsuitable for a successful DT operation. It must be
noted that, due to the limited availability of power, these results need to be extrapolated to the
high power case and any conclusion will need to be confirmed at full performance.
Analysis of MHD instabilities in the Hybrid scenario
The achievable performance in terms of beta and duration of hybrid scenarios is often limited
by the onset of Magneto-hydro-dynamic modes (MHD) that degrade confinement or even
induce disruptions. The analysis of MHD modes in terms of toroidal periodicity number (n),
amplitude and radial localisation has been completed for all ILW Hybrid and Advanced
scenarios. A set of Baseline scenario pulses has been analysed as well. Results are available in
PPF channels as described in the T13-11 wiki page at:
http://users.jet.efda.org/tfwiki/images/4/4c/Description_of_MHD_PPF_channels.pdf.
A commented list of the pulses included in the database is available at
http://users.euro-fusion.org/tfwiki/images/b/b5/T13-11_lists.xls.
A statistical survey of MHD instabilities in JET hybrid discharges has been performed for
hybrid scenario pulses [1.93], with particular attention to onset conditions and saturated
amplitude in terms of the normalised beta (βN). The database includes about 260 pulses for
JET-ILW and 180 selected pulses for the previous carbon wall (JET-C).

Figure 1.47 - Maximum amplitude of the n = 2 mode (with poloidal number m = 3, corresponding to q = 1.5)
during each pulse as a function of normalised beta a) with the C-wall and b) with the ILW. The toroidal field
is shown by color code. Outliers above 3´10-4 T at bN < 2.5 in b) are from pulses with early NBI at q95 = 3
The maximum amplitude reached by the n = 2 mode during each pulse is shown in Figure 1.47

for JET-C and JET-ILW datasets separately. A similar trend to increase mode amplitude with
normalised beta can be observed in both cases, with about 30% larger values for JET-C. Data
clustered near zero amplitude correspond to weak (1-2 cm island width) and generally
transient modes that are not relevant to the present analysis. In the statistical survey these
modes were discarded by imposing a threshold of 3´10-6 T s on the time-integrated amplitude.

Figure 1.48 - Maximum mode amplitude detected during each pulse with the ILW as a function of normalised
beta a) for m = l, n = l and b) for m = 4 (or 5), n = 3. The toroidal field is shown by color code

Maximum amplitudes of n = 1 and n = 3 modes with the ILW are shown in Figure 1.48. The
n = 1 activity is in the core (q » 1) region; modes with poloidal number m = 2 (at the q = 2
surface) are not shown in Figure 1.48. Generally the n = 3 activity is at the q = 4/3 surface, but
in some pulses it is at the q = 5/3 surface. Threshold values of 10-5 T s for n = 1 and 10-6 T s
for n = 3 have been used to select relevant modes.
The main addressed question was how long the high performance phase of hybrid pulses lasts
before the onset of MHD activities. From Figure 1.49 it can be seen that presently achieved
durations from NBI start to mode onset time with JET-ILW can only exceed 3 s at βN < 2.5,
while longer durations were obtained with the JET-C at any βN.
The effect of MHD modes on confinement and tungsten impurity accumulation has been
analysed in the framework of T13-13 task (Understanding the interplay of MHD stability and
W peaking); results of this analysis have been submitted for publication to Nucl. Fusion.

Figure 1.49 - Normalised beta at mode onset as a function of duration from NBI start to mode onset time as
defined by threshold crossing For modes with n = l, m = l (red dots), n = l, m = 2 (red stars), n = 2, m = 3 (blue
squares), n = 3, m = 4 or 5 (green diamonds). Duration before radiation exceeds 70% of input power is used for
pulses without any MHD above threshold (grey dots)

Safety factor profile determination using MHD markers and mode localization
Measurements of the propagation frequency of magnetic islands in JET have been compared
with diamagnetic drift frequencies, in view of the determination of markers for the safety
factor profile. Statistical analysis was performed for a database including many welldiagnosed plasma discharges. Propagation in the plasma frame, i.e. with subtracted E×B
Doppler shift, resulted to be in the ion diamagnetic drift direction, as shown in Figure 1.50.
Rational-q locations obtained under the assumption of propagation at the ion diamagnetic

frequency (as described in Figure 1.51) were compared with the ones measured by equilibrium
reconstruction including motional Stark effect measurements (MSE) as constraints.

Figure 1.50 - Histograms of ratio between propagation frequency of modes with n = 1 toroidal periodicity and:
(a) ion diamagnetic frequency, (b) E´B drift frequency, (c) electron diamagnetic frequency, all calculated at the
q = 2 radius from active charge exchange spectroscopy data. Bars in red correspond to (2, 1) modes; bars in
blue correspond to (1, 1) modes (not relevant for the comparison). Overlaid curves show scaled normal
distributions. Best agreement is obtained with the ion diamagnetic frequency, for which the normal fit gives an
average ratio of 0.985 and a standard deviation of 8%

Systematic shifts and standard deviations were determined for islands with (poloidal, toroidal)
periodicity indexes of (2, 1), (3, 2), (4, 3) and (5, 3), see Table 1.3. The results of this analysis
have been submitted for publication to Nucl. Fusion. Previous work was reported in
references [1.94] and [1.95].

Figure 1.51 - Frequency-matching diagram. The thick solid line with error bars shows the ion diamagnetic
frequency and the thin line shows the toroidal angular frequency profile. Horizontal dashed lines show mode
frequencies divided by the respective toroidal number n. Red, blue and green indicate n = 1, 2 and 3
respectively. The identified (m, n) pairs are annotated. The outer (inner) vertical dashed line shows the q = 2
radius (the plasma axis) from equilibrium reconstruction. Rational-q locations as obtained from crossing
between island frequencies and the diamagnetic frequency profile are indicated by vertical arrows
Table 1.3 - Statistics of the shift between rational-q location from mode frequency and MSE

mode
(2, 1)
(3, 2)
(4, 3)
(5, 3)

mean
1.5 cm
-1.6 cm
-2.8 cm
0.5 cm

standard deviation
3.9 cm
3.8 cm
5.6 cm
4.3cm

Radiation fraction maximization in quasi-snow-flake magnetic configuration
The so called Snow Flake configuration (SF) is characterized by a second-order null in the
poloidal magnetic field (BP), where both BP itself and its spatial derivatives vanish. As it was
realized in the first assessment of the SF [1.82], an exact SF configuration is topologically
unstable: any imbalance of the Poloidal Field (PF) coil currents, splits the second-order null in
two first-order nulls, leading to a variety of the topologically-stable SF-like configurations
[1.83,1.84]. A divertor configuration with two nearby nulls [1.85] has been modelled for JET
tokamak: the secondary null could be moved around to change its distance from the first null
(primary x-point) and to form a magnetic configuration that features either contracting or
flaring geometry near the plate. Two 2.5MA/2.7T semi-horizontal target configurations (V5D
and VD5-HFE), with the secondary x-point “close” or “far” from the vessel structures, have
been designed and optimized by means of CREATE-NL code (non linear plasma evolution
code) [1.86], for JET tokamak, see Figure 1.52 and Figure 1.53. The closed configuration V5DHFE shows an increase of flux expansion on outer target of a factor ∼1.6. Nitrogen seeded Hmode experiments are foreseen to be executed at JET in 2016, addressing the physics of the
dependence of radiative volume and total radiated power on the distance between the two
nulls. The impact of main magnetic divertor geometry parameters (flux expansion, connection
length, etc.) on the radiation pattern disentangled by the change of recycling happening at the
same time, will be investigated, focusing on bolometer and Langmuir probe measurements
analysis supported by edge modelling.

Figure 1.52 - V5D configuration modelled by
CREATE-NL equilibrium code

Figure 1.53 - V5D-HFE configuration modelled by
CREATE-NL equilibrium code

Flux expansion EDGE2D-EIRENE simulations at JET
Nitrogen seeded H-mode experiments are foreseen to be executed at JET in 2016, addressing
the physics of the dependence of radiative volume and total radiated power on the distance
between the two-nulls.
The addressed physics is the impact of main magnetic divertor geometry parameters (flux
expansion, connection length, etc.) on the radiation pattern trying to disentangle it from the
change of recycling happening at the same time at the inner target. Typical semi-horizontal
configurations have been modified only on the divertor zone by keeping the plasma boundary
unchanged. The modified magnetic configurations, with inner strike point located on inner
vertical target and outer one on full W horizontal target, have been designed to increase
similarly flux expansion by 40% on both inner and outer target.
Modeling activity with the fluid-code EDGE2D coupled to EIRENE supports the experiment
preparation: predictive simulations have already shown that the divertor heat fluxes can be

reduced with N2-injection, qualitatively consistent with experimental observations, by
adjusting the impurity injection rate to reproduce the measured divertor radiation [1.96].
In order to distinguish the effects on the divertor
radiation due to a possible higher recycling
contribution from the interaction with the inner wall,
the inner target to X-point distance are different.
Predictive simulation using density scans and
radiation scans have been done keeping unchanged
simulation parameters like, albedo and transport. The
simulations have shown so far an increase of radiation
on the outer divertor region for both the modified
equilibria. Radiation losses are enhanced at mid/high
densities (> 4:5x1019m-3): modified equilibria radiate
Figure 1.54 - Divertor Radiation versus N
30% more using a lover N content, Figure 1.54. The
content in three modelled cases. REF is a
slighly modified experimental plasma. HFE
modified equilibria are also better at confining
is the high flux expansion case and HFEL
neutrals: for a given ne,sep,LFS-mp edge2d predicts lower
is a variant, which minimises the
neutral currents crossing the separatrix and
interaction with the innermost tile 1. The
plot shows that, according to simulations,
subsequently lower CX losses in the core.
the HFE configurations need less N to
Future works aims at simulating a more experimental
achieve the same high divertor radiation
oriented range of parameters. More details will be
given in the paper accepted for the next PSI 2016 conference.
Pedestal Stability Analysis
Understanding the physics that rules the edge transport barrier region (called also ‘pedestal’)
in high performance tokamak plasmas (H-mode) is of critical importance for future burning
scenarios. This is because the core confinement strongly depends on the pressure at the top of
the pedestal (‘pedestal height’) as observed in experiments as well as predicted by a range of
transport models.
In the vicinity of the pedestal, edge localized
modes (ELMs) take place transporting in
quasi-regular bursts, energy and particles to
the material surfaces of the divertor. Many
theoretical studies of ELMs have focused on
MHD instabilities. In the peeling–ballooning
model, a key element is that the coupled
peeling–ballooning (PB) modes provide an
effective limit on the pedestal height (at a
given pedestal width) and also drive the
ELMs. The two drivers of PB instability are
the edge current (Jped) and the pressure
gradient (p′ped). Given than, the PB stability
Figure 1.55 - Schematic of stability boundaries for
Peeling-Ballooning limit as a function of pedestal
boundary can be represented on a plot of
pressure gradient p’ped) and edge current (Jped).
Jped versus p′ped as illustrated in Figure 1.55.
Three limits are shown; blue represents a more weakly
Below the boundary, the plasma edge is
shaped plasma relative to the black line. The red line
represents a strongly shaped plasma
stable. Above the boundary, at high Jped, the

plasma edge is peeling unstable. Similarly, at high p′ped the plasma edge is ballooning
unstable. The region between peeling and ballooning limited plasmas at high Jped and p′ped
is referred to as the PB corner or nose. The stability boundary corresponds to a specific
pedestal width. As also illustrated in Figure 1.55, the plasma shape, can modify the PB stability
boundary: weak and strong refer to deviation from circularity in terms of triangularity (δ) and
elongation (κ). A larger pressure gradient and current density can be maintained with high
shaping as this favorably moves the PB stability boundary [1.97]. The PB stability boundary
is evaluated using an ideal MHD eigenvalue solver, MISHKA-1 or ELITE. First, a plasma
equilibrium characteristic of a specified Jped and p′ped is calculated by HELENA, a fixed
boundary equilibrium solver. Then MISHKA-1 (or ELITE) evaluates the growth rate
(eigenvalue) and mode structure (eigenfunction) for a given toroidal mode number and
equilibrium. This is repeated over a range of toroidal mode numbers to find the eigenfunction
that minimises the change in potential energy. If, over all n values, the change in stored
energy is positive (δW>0), then the plasma equilibrium is stable and the growth rate is zero.
Conversely, if, for any n value, the change in stored energy is negative (δW<0), then the
plasma equilibrium is unstable and the growth rate is non-zero. The eigenfunction
corresponding to the highest growth rate defines the most unstable/limiting toroidal mode
number. The eigenfunction defines the nature of the limiting mode (i.e. peeling or
ballooning). This process is repeated for different values of Jped and p′ped over a 2D grid to
define the stable and unstable regions. Typically, the peeling mode is unstable to low n (<5)
modes, whereas the ballooning mode is unstable to high n (>20) modes. The PB mode is
unstable to intermediate n values (5-20). The PB mode is usually the limiting instability in the
pedestal that results in an ELM crash.
An operational point, representing the edge stability of experimental plasma, can be compared
to the calculated PB stability boundary. To calculate the experimental equilibrium, the
pressure gradient is determined from radial temperature and density profile measurements.
The edge current is assumed to be dominated by the bootstrap current and can be calculated
using the Sauter’s analytical formula. The proximity of the operation point to the PB stability
boundary indicates if the plasma edge is stable or unstable. Furthermore, the position of the
operation point relative to the PB corner indicates if the plasma edge is peeling or ballooning
limited. It is important to note that the PB stability calculation provides the maximum
achievable pedestal height for a given pedestal width [1.98, 1.99].
Under the framework described above, a wide activity of stability analysis was carried out
during the year 2015. The analysis of Hybrid plasmas for the experiment M13-10 “develop
hybrid scenario at low q95” and M13-33 “JET high performance hybrid scenario”, useful for
planning the experiment M15-02 of the C35 campaign. The purpose of the analysis was to:
(1) determine if the hybrid plasmas with high fusion performance from M13-33 are
consistent with marginal peeling-ballooning stability at the pedestal. If this is the case it
will increase our confidence in using the peeling-ballooning paradigm in our
extrapolations to DT
(2) determine how the pedestal stability varies with q95 from the 3-point scan in M13-10.
This would help us to understand what to expect from the pedestal as we optimise q95 to
maximise fusion performance.
For that analysis, the many plasma discharges have been taken into account for hybrid
plasmas and for q-95 scan plasmas. Some results have been discussed in the joint JET/MST1
pedestal-modelling meeting of the 02/03/2015. The discussion focused on the problem of how
to obtain reliable pedestal stability analysis for high beta hybrid plasmas.

<jφ>max [MA/m2]

The Pedestal Stability Analysis is required also in the C35-36 experimental campaign,
especially in the following experiments:
• M15-02 Hybrid scenario for DT;
• M15-05 Dimensionless beta scan in low delta baseline;
• M15-12 Pedestal optimization in high shaped plasmas;
• M15-15 Avoiding the ballooning boundary.
The activity related to the experimental campaign is ongoing also during the 2016.
Another important activity is related to the task force T15-02 on pedestal analysis and
51odelling for which is required the use of the CASTOR, that is a non-ideal resistive MHD
code. The purpose of the activity is to compare analysis results from ideal (MISHKA, ELITE)
and non-ideal (CASTOR) MHD codes.
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1.56 - Stability analysis for JET #86533 pulse.
the point to the stability boundary Figure
Analysis performed by MISHKA-1, using fits to HRTS Te and
indicates the stability of the plasma ne profiles as an input
edge at the time corresponding to the
input profile. The location of the
stability boundary depends on the
pedestal width.
ICRH modelling for DT plasma and experiment M15-27
A preliminary analysis of the results of the M15-27 experiment about ICRH for DT plasmas
has been performed by using TORIC-5 numerical code. In particular looking at the best shots
(in terms of the coupled power and collected data) obtained last November.
The coupled power was about 5MW on a plasma target characterized by B0=3.4T, Ip=2MA
with different fraction of minority species: Hydrogen and Helium 3 in a Deuterium plasma.
The behaviour of the plasma parameters for the shots number 89192 and 89193 (electron and
ion temperatures and density) vs the major radius on the equatorial plane are shown in Figure
1.57. Note that the plots of Figure 1.57 are obtained by data analysis of the related diagnostics
and in the simulation we have used an interpolation function.
The results (concerning only the hydrogen minority species) are summarized in Figure 1.58
where the total absorbed power per channel (ion majority, ion minority, electron Landau
damping, IB electron heating) has been reported vs the hydrogen minority concentration. The
best transfer of the wave energy on the minority species (at the first harmonic) is obtained for
a minority concentration of about 5%. At lower concentration <1% the majority heating at the
second harmonic of the deuterium prevails.

Figure 1.57 - Behavior of the plasma parameters electron (a) & (c), ion (d) temperatures and density (b)) as
function of the major radius on the equatorial plane, for the shot number 89192 and 89193 (characterized by
B0=3.4T, Ip=2MA) of the experiment M15-27. The electron temperature profile has been deduced by means of
two diagnostics, HRTS (which includes also the SOL) and KK1 (Interferometer))

JET discharge 89192-89193
51MHz, P=5MW; B=3.4T, I=2MA
n_cen=6X10^13cm^-3; Te_cen=5.5keV
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Figure 1.58 - Results of the simulation with TORIC-5 by using the
plasma parameters of Fig. 1, for the shot number 89192 and 89193
(characterized by B0=3.4T, Ip=2MA) of the experiment M15-27.
The plot shows the fractional distribution of the power vs the
minority concentration, on the various species, electron, ion
majority (Deuterium and ion minority (hydrogen), and also on the
various heating channels: fundamental resonance absorption, first
harmonic, ELD and IBW mode converted wave.

The electron is lower then 20%
for all the concentration with a
very poor contribution of the IB
heating. These results at the end of
the campaign must be supplied
with a quasilinear analysis by the
code SSQLFP in order to study
the redistribution of the energy by
collisions on the bulk plasma. A
more complete analysis including
also the 3He minority (instead of
the Hydrogen, and combined wit
the
Hydrogen)
is
under
consideration.

Development of advanced tools for plasma shape control
The 2015 activities mainly included the development of scenarios for the eXtreme Shape
Controller and the Current Limit Avoidance Systems for the plasma configuration named
V5D-HFEL. The use of this XSC/CLA setup is envisaged for the experiment M15-20
“Seeding to maximum frad towards high Psep/R” to control plasma shapes with higher flux
expansion in the divertor region.
The commissioning and use of these scenarios is planned in the first quarter of 2016.
Equilibrium reconstruction code: JEC2020 benchmark and constraints
As it is well known, in Tokamaks the configuration of the magnetic fields remains the key
element to improve performance and to maximise the scientific exploitation of the devices.
On the other hand, the quality of the reconstructed fields depends crucially on the available
measurements. In 2015 the team of Tor Vergata University has continued the benchmarking
and validation of the new equilibrium code of JET, called JEC2020, using both internal and
edge constraints. In particular the work has focused on the improvement of reliability of the
polarimeter constraint and on the development of a new iron model to overcome the issues
encountered with the previous one.
For the offline analysis, a set of interesting discharges for the analysis of the equilibrium in
the core and pedestal, for which the main diagnostics are validated (pressure, polarimeter,
MSE etc), has been identified in consultation with the old Task Forces. For the core a list of
about 40 shots has been selected: they include baseline and hybrid scenarios.
For the list and for details refer to the wikipage: Task Force Meeting – 5 February 2015,
M. Gelfusa “Status of the T13-19 task: Exploitation and validation of JEC2020” and for Task
T13-19: review meeting 29th January 2015. [1.100]
Scaling Laws
Scaling laws of the confinement time are essential both to design future devices and to
understand the physics of confinement. In the Tokomak community, all the proposed scaling
laws are in power law form. The University of Tor Vergata has developed a method, based on
Symbolic regression and genetic computing, to derive scaling laws without any constraints on
their mathematical form. The technique has provided interesting results on the expectations
for ITER using both dimensional and dimensionless quantities. Moreover, an extension of the
method has allowed to test whether the traditional dimensionless variables are adequate to
interpret the available data. [1.101]
Assessment of pellet pacing efficiency
The Group has also applied a new method to assess the efficiency of ELM Pacing with
pellets. The technique is based on an information theoretic criterion and has shown how JET
pellets are significantly more effective in triggering ELMs than previously believed. [1.102]
Plasma instabilities studies
The work carried out by the researchers of the University of Cagliari has been done within the
Work Programs JET1 and MST1. In particular, the work has been focused on the headlines
H-1.2 Operation with reduced or suppressed ELMs and H-1.3 Avoidance and mitigation of
disruptions and runaway electrons.
Disruptions studies. The activities performed during 2015 in the field of disruption
classification and prediction have been focused on different issues:
− a support activity for maintenance and update of the disruption database for ILW
campaigns has been done by developing an interactive tool for check and automatic
calculation of relevant parameters (thermal quench, current quench rate, etc.). In Figure

1.59,

one of the implemented panel available for the analyses is shown. The tool has been
proposed and tested on the discharges of recent campaigns in both JET and ASDEXUpgrade (AUG) [1.103] and it can support the operators in a very time consuming activity,
reducing significantly the possibility of human errors. The underlying algorithm performs
its choice on the base of shared and defined criteria discussed with the Plasma and Control
Operation Groups of the considered devices. Moreover, being the algorithm fully
parameterized, it can be easily customized to other tokamaks and/or it can be used for
statistical purposes, according to criteria adopted in the framework of each device.

Figure 1.59 - Tool interface for main disruption analyses. Example: discharge No. 89798 - experiment M1517 on “Optimization of disruption mitigation at high Ip”. Left side: Plasma current (IP), current requested
by the Shape Controller (IPSC), elaborated ECE averaged central channels (ECE) and SXR central LOS time
evolution for thermal quenches estimation (respectively vertical dashed lines in green and blue); vertical
dashed lines in magenta are indicative of current spikes correlated with thermal quenches detected both by
ECE and SXR elaborations. Central column top: Internal Inductance (Li) and Plasma Stored Energies
(Diamagnetic (WDIA), MHD (WMHD) and Magnetic (WMAG)). Central column bottom: KB1 bolometer signals
in the four octants (2,3,6,7). Right side top: Plasma Current Vertical Centroid position (ZCC), Safety Factor
at 95% of the poloidal flux (q95) and Locked Mode signal (ML). Right side bottom: Total Radiated Power
evaluated by KB5 bolometer (estimation by both cameras (TOPI), and estimation through horizontal (H) and
vertical (V) cameras (POWH and POWV respectively)

− In [1.104] an automatic disruption classification for JET with carbon wall (CW) was
developed using the nonlinear generative topographic map (GTM) manifold learning
technique. It was tested using an extensive database of JET discharges selected from JETCW campaigns from 2005 up to 2009. The success rate of the classification was extremely
high, reaching for some classes even 100%. However, the new full-metal ITER-like wall
(ILW) at JET was found to have a deep impact on the physics of disruptions at JET.
Hence, the disruption classes in the JET-ILW have been deeply analyzed and compared
with those in the JET-C and a new GTM map has been trained for JET-ILW [3]. In order
to assess the performances of the classifier, its potential real-time application has been
tested in conjunction with the prediction system APODIS, for the non-intentional
disruptions belonging to the classes described in [1.105], selected from JET-ILW

campaigns from 2011 up to 2013. In Figure 1.60, an example of GTM classification is
reported. The obtained results assessed the suitability of the GTM based classifier for real
time applications with good performance: the prediction success rate was quite high (87%)
according to the manual classification. The good results motivate the deployment of this
tool in the real time digital network (ATM) of JET.

Figure 1.60 - Left side: projection of the discharge No. 82569 (which has been manually classified as an IMC
IMpurity Control problem disruption) on the GTM map of the disruption operational space of JET-ILW. The
map nodes are represented with different colors as indicated in the legend, empty nodes are white; the green
line represents the discharge trajectory, it starts from the yellow dot and terminates in the magenta dot; Right
side: class-membership functions of the same disruption. The vertical green dashed line identifies the thermal
quench, the vertical blue dashed line the PTN alarm, and the vertical pink dashed line the APODIS alarm (for
each sample and each class, the class membership is defined as the percentage of samples of the considered
class in the node of the GTM to which the sample is associated, with respect to the total number of disruptive
samples in the node itself). The class membership of IMC is the highest, then the GTM correctly classifies
the discharge as IMC.

− Extensive studies on automatic data-based disruption prediction has been performed by the
research group. Among them, the mapping of the n-dimensional plasma parameter space of
a tokamak has been successfully used to develop a disruption predictor for AUG [1.106].
Various criteria have been studied to associate the risk of disruption of each cluster in the
map to a disruption alarm threshold. Recently, an alternative statistical disruption predictor
based on a logit model for AUG has been proposed [1.107]. The novelty of the approach
consists in a criterion, based on the Mahalanobis distance, to assess a specific disruptive
phase for each disruptive discharge. The global success rate is very good, higher than 91%.
The obtained results confirm that enhancements on the achieved performances on the logit
model predictor are possible by defining a specific disruptive phase for each disruption.
− Both the developed disruption prediction and classification tools behave quite good in the
considered machine. However, in order to extrapolate results from existing devices to the
next step ones, it is crucial to interpret the multi-machine plasma confined experiments
data with a firm physical basis. The definition of common basis and criteria for crossmachine analysis would facilitate the development of portable systems for disruption
prediction and classification, which is becoming of increasingly importance for the realtime plasma control and operation. To this purpose, two data bases have been built
containing flat-top disruptions occurred at JET with ILW from 2011 to 2012 and occurred
at AUG from 2011 to 2014. Their analysis highlights that several physics instabilities in
AUG are also usual disruption precursors in JET. Then, the considered AUG discharges

have been clustered in different classes following, where possible, the criteria proposed for
JET in [1.108]. It has been found that the distribution of the same classes of disruptions is
not directly comparable due to technical differences in the two machines, as different
heating schemes, and is strongly influenced by the scientific program and/or by the number
of sessions devoted to a given program [1.109]. The availability of common disruption
classes for the two machines allowed us to perform an analysis aiming to identify a robust
set of dimensionless parameters, with particular reference to basic quantities available in
real-time in different machines. The raw signals have been processed in the time and
frequency domains in order to synthesize non-dimensional indicators fitting both the
considered devices. In particular, the validity of the integration of the developed databased predictors and classifiers with such physics-based indicators has been assessed by
using the locked mode (LM) signal as disruption predictor. The performance of the LM
indicator has been compared with that of the LM raw signal, which is commonly used both
at AUG and JET to trigger the mitigation system, showing a significant improvement of at
least 10% of the successful predictions.
ELM studies. The studies on Type-I ELM aim at identification of statistical properties of
ELM intervals, dynamical characterization, and advances in the physics understanding.
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Figure 1.61 - Temperature and Dα nearly periodic oscillating time series obtained through the proposed
qualitative model. Both the series are in agreement with experimental behaviours: temperature time series
exhibits slow growth towards an equilibrium value and fast decay; Dα shows a fast growth interrupted by a slow
crash that can be related to the critical pressure gradient, consistently with the peeling-ballooning model

In particular, the dynamic characteristics of Type-I ELM time-series from the JET tokamak
with the CW and the ILW have been investigated [1.110, 1.111, 1.112]. The dynamic analysis
has been focused on the detection of nonlinear structure in line integrated electron density,
total outer divertor Beryllium, Dα photon flux, and top pedestal electron temperature time
series. The method of surrogate data has been applied to evaluate the statistical significance of
the null hypothesis of static nonlinear distortion of an underlying Gaussian linear process.
Several nonlinear statistics have been evaluated, such us the time delayed mutual information,
the correlation dimension and the maximal Lyapunov exponent. The obtained results give
evidence of underlying nonlinear dynamics. Moreover, no evidence of low-dimensional chaos
has been found; indeed, the analyzed time series are better characterized by the power law
sensitivity to initial conditions (PSIC), which can suggest noise contaminated quasi-periodic
motion at the “edge of chaos”, i.e. at the border between chaotic and non-chaotic dynamics.

Interpreting ELM time series from the standpoint of PSIC is a fundamental information to
approach at the choice of a proper dynamical model, which is the subject of present
investigations [1.111]. In particular, recurrence plots have been applied to investigate the
characteristics of Type-I ELM time-series of JET with CW [1.112]. Recurrence plots of
temperature time series show patterns similar to those characteristic of signals exhibiting type
II intermittency, in particular, a characteristic kite-like shape. Starting from this similarity, a
qualitative model of temperature and Dα time series has been derived starting from a type II
intermittency model (see Figure 1.61)
ICRF Antennas Analysis with TOPICA. All the results related to the Ion Cyclotron A2
antenna analysis and performance prediction were obtained with the help of TOPICA code, a
numerical tool developed by the Plasma Facing Antennas (PFA) group at Politecnico Torino,
DET, Italy.

Figure 1.62 - The 3D flat antenna model

Figure 1.63 - Antenna electric field pattern for 0π0π
phasing

The main activities pursued with TOPICA code on the JET A2 antenna were related to the
evaluation of the input parameters, the electric field distribution (in front of the IC antenna)
and, above all, the current flowing on specific geometrical elements such as the side limiters.
The 3D flat antenna model reported in Figure 1.62 was adopted, together with few
measured plasma profiles, both L and H modes. In order to account for measurement
imprecision, an average procedure was included to provide more realistic plasma profiles; in
addition, radial shifts of ±1cm were applied to estimate the effect on the antenna
performances due to the distance between the launcher and the plasma cut-off.
A clear dependence of the electric field and currents to the input phasing of the antenna was
enlighten, as shown on Figure 1.63 for 0π0π phasing. Several input configurations were
tested (phasing and power division) in order to optimize the antenna operative behavior. Good
agreement was eventually observed between code predictions and experimental evidences.
The very same analysis was performed at 33MHz and 42.5MHz.
1.2.2 – WP JET3 Technological Exploitation of JET DT Operations
The objective of WP JET3 - Technological Exploitation of JET DT Operations is to take
advantage of JET operations with tritium and of significant 14 MeV neutron production to
improve our knowledge and validate current assumptions on ITER relevant issues, and thus
reduce the risks and uncertainties in ITER plant operation & management.
This will be pursued by providing a consistent and complete analysis of JET tokamak
“nuclear case”, including the accurate measurement of the neutron source and radiation field
in the device and in the surrounding areas, the neutron induced activity and dose rates in

components and materials, the radiation damage in ITER relevant materials, tritium retention
in plasma facing materials, the waste production and characterization, and the occupational
dose. The collected data are used to validate codes, nuclear data and assumptions used in the
preparation of ITER operation and plant management, and relevant also to DEMO design.
To this purpose the following objectives and the related specific Sub-Projects have been
identified:
• Neutron detector calibration at 14-MeV neutron energy - NC14
• Validation of neutronics and activation codes - NEXP
• Tests of neutron and tritium detectors for Test Blanket Modules (TBMs) - TBMD
• Data validation for the activation predictions of ITER materials - ACT
• Studies of irradiation damage on functional materials - RADA
• Measurements of tritium retention and outgassing, and of airborne tritium - TRI
• Collection of operational experience on occupational dose - NSAF
• Studies on waste production and characterization - WPC
• DEMO-relevant studies: Fuel Cycle – DFC
• Characterisation of neutron field, activation and dose rates – NCAL
WP JET3 Management
ENEA has the leadership of the whole Work Package, as well as of Sub-Projects NC14,
NEXP, TBMD, and a participation in all Sub-Projects except RADA, WPC, DFC and NCAL.
The WP JET3 activity started in January 2014, and the final Project Management Plan (PMP,
version 1.1) was approved by the Project Board during its first meeting on 14th of April 2014.
The kick-off meeting and the first Project Team meeting were held in Culham on June 10-11,
2014. The first General Monitoring Meeting was held in Culham on December 2-4, 2014
followed by a Project Team Meeting, during which the revised PMP (version 1.2) was
released.
In the following, the activities carried out and results achieved in WP JET3 in 2015 are
summarized. In general, a very significant progress in the activities has been obtained in all
cases in 2015 [1.113], and the required design reviews have been completed or is close to
completion for most of new installations. The 2nd General Monitoring Meeting was held in
Culham on December 8-10, 2015. A Project Team Meeting was held on the 11th of December
2015 to elaborate the revised PMP (version 2). The previous JET3 PMP versions 1.1 (April
2014) and 1.2 (Jan 2015) had been based on the JET S1-2018 schedule leading to 100%
tritium and DT operation in 2017. A new JET 2020 schedule (S2-2020), which would lead to
JET operation until 2020, with a tritium campaign in 2018 and DT campaign in 2019, has
been recently proposed. As it is now clear that S1-2018 will be not be adopted, the revised
version of the PMP (PMP vers.2) has been prepared to align the Project activities in 20162020 to the new S2-2020 schedule though it has not been formally approved yet. The Project
objectives have not been modified, the scope is substantially unchanged, whereas the time
plan has been revised accordingly for the 2016 – 2020 period, including the related resources.
NC14: 14 MeV neutron calibration
An accurate calibration of JET neutron detectors - 235U fission chambers (KN1) and the invessel activation system (KN2) - at 14-MeV neutron energy is needed to allow accurate
measurements of the fusion power and of plasma ion parameters during DTE2. It is also
needed in order to fully exploit the nominal neutron budget available, and to obtain a full
scientific return for the investment in DTE2 [1.114, 115]. The 14-MeV neutron calibration
will take advantage of the experience gained with the 2013 calibration of JET neutron
detectors with 2.5 MeV neutrons [1.116, 117], and will also benchmark the calibration

procedure envisaged in ITER where neutron detectors have to provide, with an accuracy
better than 10%, not only the fusion power but also the amount of tritium burnt for tritium
accountancy. (Institutes involved: CCFE, ENEA, ENEA-CNR, IPPLM, KIT, VR, MESCS).
In 2014 the following milestone were achieved:
• A neutron generator (NG), suitable for the purpose and compliant with the requirements
of the use of RH in JET torus hall, was selected in collaboration with the JET Operator.
The procurement contract was signed in Dec. 2014, with delivery date in Sept. 2015. Two
neutron generator units were purchased to mitigate the risks associated to a failure during
the in-vessel calibration.
• The neutron laboratory was selected for the calibration and characterization of NG (The
National Physics Laboratory (NPL, Teddington, UK) and the contract signed at the
beginning of 2015.
• The selected neutron source “monitoring” detectors include: a CVD single crystal
diamond spectrometer by ENEA; a Si-diode by JOC; activation foils by IPPLM. The
neutron source “calibration/characterization” detectors include: two long counters and
activation foils by NPL; a single-crystal diamond detector by CNR; a NE-213 organic
liquid scintillator by KIT.

•

Figure 1.64 - The two NG units VNIIA ING-17 (left) and the power supply and control unit (right)
The two NG units and the power supply/control unit were delivered and the acceptance
tests were completed in October 2015 (Figure 1.64). The neutron emission rate was
∼2·108 n/s for both units.

Figure 1.65 - The Neutron Generator with the mechanical tools designed for MASCOT handling, and to support
the monitoring detectors (diamond detector and Si-diode on the lateral wings, activation foils on the “horsehoe”), the pre-amplifier, and two lasers for NG positioning under KN2

•

The mechanical support needed to handle the NG and for hosting the monitoring detectors
has been designed, and manufactured by the JET Operator. It consists of a light
aluminium structure to host a diamond detector and Si-diode on the lateral wings, the
activation foils on a “horse-hoe” support, a pre-amplifier, and two lasers for NG
positioning under KN2 (Figure 1.65).

•
•

Preliminary Remote Handling Case and Safety Case have been produced by the JET
Operator.
Monitoring and characterization
detectors were characterized at
home laboratories. The response of
the ENEA single crystal diamond
(SCD) detectors (monitoring) and a
compact MCA digitized, used with
a
single
channel
charge
preamplifier,
has
been
characterized in terms of absolute
efficiency, time stability and
resolution at the 14-MeV Frascati
Neutron Generator
(FNG)
[1.118]. In order to study the Figure 1.66 - Dependence of the NG neutron emission on the
response of the monitor to different emission angle (D+ beam energy E= 100 keV)
energies the diamond detector was
positioned at 22 different angles from -90° to 120° in front of FNG neutron target using a
step motor. The absolute efficiency of the SCD was obtained calculating the predicted
flux at the SCD positions, using MCNP-5 code with a source subroutine containing a
detailed description the energy-angle distribution of the neutrons produced for the
acceleration energy and target data used at FNG. The total counts in the 12C(n,α)9Be
peaks were used to calculate the detector efficiency and compare it with the measured
one, using the number of 12C atoms in the detector volume and the value of the
12
C(n,α)9Be reaction cross section. Agreement was found within the total experimental
uncertainties (≤4.5%).

Figure 1.67 - Neutron spectrum for different neutron emission directions (D+ beam energy E= 100 keV)

•

Neutronics modelling of NG, activation and dose rates calculations. The in-vessel
calibration will rely on extensive neutronics analyses to derive the calibration factors
related to the plasma neutron source from those measured by deploying the NG inside the
vessel. For these reasons, a detailed and validated MCNP model of the NG and source
routine are needed.
Simulations of the source of neutrons in the DT neutron generator were performed using
three different codes which simulate the slowing down of deuteron ions in a Ti target, and

the DT reaction kinematics: the ENEA-JSI subroutine used at FNG, MCUNED and DDT.
The dependence of the total neutron flux on the angle and the neutron energy spectra at
different angles are shown in Figure 1.66, Figure 1.67 as calculated by the 3 codes for a
deuteron beam energy E= 100 keV. An MCNP model of the neutron generator has been
developed according to the information on the configuration and material composition
provided by the supplier. This model with the ENEA-JSI source routine has been used to
predict the neutron energy spectra and the anisotropy profiles expected from the NG.
The
Detailed
plan
of
calibration/characterization
measurements was elaborated in
June based on the detector
characteristics (efficiency, counting
time) and on the assumption that
the NG would operate in
continuous mode for 20 minutes,
followed by 20 minutes of cooling
time. In the plan, the number of
measurements of the NG emission
rate and energy spectra at given
angles were defined in details for
both the NG tubes, including Figure 1.68 - Neutron generator with the mechanical tool
contingency.
The
NG hosting the monitoring detector, in the configuration
characterization campaign at NPL characterized/calibrated at NPL
actually took place from 9th to
20th November 2015 according to the prepared plan (Figure 1.68, Figure 1.69), with the
participation of CCFE, ENEA, ENEA-CNR, IPPLM and KIT.

Figure 1.69 - Left: The NG in the centre of the low-scattering hall at NPL where it has been
calibrated/characterized. The NG was located in the centre of the circular rotating platform. Right: The JET3
NC14 team participating in the NPL campaign

The characterization plan was completed, in particular: NG#1 and to a sufficient extent
NG#2 were tested, the emission rates at many different angles were measured and the
anisotropy profiles, from which the total yield in 4π will be derived, was obtained, the
neutron tube cylindrical simmetry was checked, the neutron spectra at several different
angles were measured - they show interesting features from which information about the
D/T mixtures in the beam and in the target can be derived, the stability the monitoring
detectors attached to the neutron generators were tested and their calibration factor
obtained. The analysis of all measurements will be completed in March 201.

NEXP: Validation of fusion neutronics and activation codes
The validation of neutronics codes is addressed with ad hoc experiments in JET in fusion
relevant conditions, with the appropriate neutron source and environmental complexities to
validate the codes used in ITER design to predict quantities such as the neutron flux along
streaming paths, the activation of materials, as well as the resulting shutdown dose rates.
In the Neutron Streaming Experiment, neutron fluence and dose measurements are performed
by thermoluminescent dosimeter (TLDs). In this campaign, also activation foils placed in
several positions inside and outside the Torus Hall (TH) to provide cross-calibration with the
TLDs [1.119, 1.120, 1.121].
In 2015 TLDs and activation foils assemblies were produced by IPPLM and HELL on the basis
of previous experience and pre-analyses. The TLDs and activation foils were installed at JET in
22 positions in November 2015. The TLDs positions are the same as in 2013 experiment, plus
six new positions in South East Basement, in J1F Bunker, in J1E and in Baking chimney at the
basement level. Activation foils were located in six positions inside the TH, close to TLDs.
Pre-analyses of the streaming experiment were performed by CCFE, MESC and HELL. CCFE
carried out neutron streaming calculations for the JET TH and surrounding areas. To decrease
the computational time required for the neutron streaming calculations, the ADVANTG code
has been used to generate weight windows. ADVANTG took approximately 4 hours on 16
processors to generate the weight window and the MCNP was run for 10000 CPU minutes. The
previous MCNP calculation lasted about a week to generate the weight window and ~3 days on
64 cores to generate the results. The results of this pre-analysis are shown in Figure 1.70.

Figure 1.70 - Left) Neutron fmesh tally map calculated with MCNP5 using weight windows created by
ADVANTG; Right) Comparison of the calculated neutron fluence with MCNP6v1, MCNP5 accelerated by
ADVANTG and the TLD measurements of 2013 DD campaign

Several activities were also performed for the preparation of the Shutdown dose rate
experiment [1.122]. The design of the detectors assembly was completed as well as the review
and approval of the measurements to be carried-out during DD shutdown. Three spherical airvented ionization chambers (IC) were procured by ENEA and KIT for ex-vessel decay gamma
dose measurements during JET shutdown. Activation foils assembly were also provided by
HELL to perform neutron fluence measurements close to ICs. The two ENEA ICs and one
activation foil holder will be located at the side port of Octant 1. The IC of KIT together with
the second activation foil holder will be located on the top of ITER like Antenna (ILA) in
Octant 2. Low noise special cables 100 m long have been installed to connect the ICs to the
electrometers located in J1D and the high voltage and acquisition of the chambers will be

remotely controlled. Aproper software has been developed by ENEA for the on-time
acquisition during off-operational periods.

Figure 1.71 - Left) Installation of the ionization chamber in the FNG bunker; Right) dose rate versus time after 14
MeV neutron irradiation

The ENEA ICs were calibrated at ENEA-INMRI (Istituto Nazionale di Metrologia delle
Radazioni Ionizzanti) from 30 keV to 1.3 MeV. KIT IC was cross-calibrated with ENEA IC at
the gamma calibration laboratory of ENEA-INMRI under 137Cs gamma sources. A very low
systematic difference in the measurement of the collected charge of about 0.5 % was observed,
with an average charge ratio KIT/ ENEA of 1.005.
Natural background dose measurements were performed in Frascati to confirm the stability.
Tests were also performed at FNG under 14 MeV neutron irradiation (Figure 1.71) to verify the
capability of the system to perform on-line decay gamma dose rate measurements and to check
for neutron-induced self-activation of the detectors.

Figure 1.72 - Shutdown dose rate results of the 2015 simulations versus distance from port door calculated with
Advanced D1S, R2Smesh, MCR2S and R2S-UNED at various time after DTE-2 shutdown

The tests were successful and confirmed the high stability of the systems to measure
background level and to follow gamma dose decay at the end of irradiation as well as
insignificant activation of the detectors. The ICs and electronics were shipped to JET in
December 2015 and these will be installed in Octant 1 and 2 in January 2016.

Regarding the calculation part, many efforts were devoted to understand the discrepancy
among the Advances D1S (ENEA), MCR2S (CCFE), R2SUNED (UNED) and R2Smesh (KIT)
codes observed in 2014 calculations. In particular the calculations at 1 week and 1 year after
DTE2 shutdown done in 2014 were repeated using the same neutron/gamma mesh in R2S
codes, same nuclear data and tallies. On the basis of the ACAB files provided by UNED it was
verified that Advanced-D1S included the dominant activation reactions except for the
production of Co-57 that can provides a contribution at 1 year after shutdown. New calculation
including Co-57 was performed by ENEA.
The new simulations resulted in a sensible reduction of the differences observed in 2014 study
with a general agreement within ±20% over the whole temporal range for mid-port calculations
in Octant 1 (Figure 1.72). At 1 year from shutdown the MCR2S (CCFE) results are generally
higher and R2SUNED (UNED) are generally lower than the other codes. R2SUNED shows the
same trend as Advanced D1S. Advanced D1S, R2Smesh and R2SUNED codes agree also very
well in the ex-vessel position, whereas MCR2S results are generally higher. R2SUNED and
MCR2S code provide the same results when the decay gamma source is exchanged. Hence the
observed differences between R2S codes can be due to the different method used to evaluate
the neutron flux (cell-under-voxel in R2SUNED and voxel-averaged in MCR2S).
TBMD: Tests of neutron and tritium detectors for Test Blanket Modules (TBMs)
The development and testing of nuclear instrumentation for on-line measurement of
neutron/gamma fluxes and tritium production in ITER TBMs is required as such
instrumentation will have to withstand the harsh working conditions expected in the TBMs.
Several detectors are currently under development by F4E for this purpose. It is planned to test
these detectors in JET during DTE2 in the frame of JET3-TBMD in the relevant fusion
environment, high temperature (up to 300 °C), magnetic field (up to 3 T), and high level of
radiation fluxes (>1012 n/(cm2s), >1012 γ/(cm2s)).
CCFE has proposed foil activation neutron spectrometry using the internal activation system
available at JET (KN2). HAS proposes the Secondary Charged Particle Activation (SCPA)
method to measure the tritium production, which consists in the measurement of the activity
induced in a suitable material (indicator) by the triton generated in the 6Li(n, t) reaction. A
Neutron Activation System is planned in the TBMs although preliminary information are
available about it. Based on the preliminary design information it was concluded that the SCPA
method can be applied in this system.

Figure 1.73 - Left: The lower vertical port were the diamond detectors will be located, seen from inside the
vacuum vessel. Rigth: Design of the diamond detectors supporting tube

ENEA will install three diamond detectors in total. Of these, two diamond detectors, one
covered with LiF and the other without LiF, will be located inside the Octant 3 vertical port
close to the plasma. The two diamond detectors will be installed in the vacuum vessel using a
long tube inserted in the port where a KT6D Periscope was previously located (Figure 1.73).

They will be equipped with a thermocouple in
order to monitor the temperature. The third
diamond detector, also covered with LiF, will be
installed inside a TBM mock-up located in front
of Octant 8 main horizontal port (Figure 1.74). The
goal of this experiment is to measure Tritium
production rate during DT operations and to
compare it with calculations.
In 2015 the TBMD activities focussed on the
following:
Calculation of neutron flux and tritium production
rate inside the TBM mock-up.
The study of the effect on KN1 fission chambers
response of the presence of a TBM mock-up in Figure 1.74 - HCBP TBM mock up in front of
front of JET Octant 8 horizontal port has been Oct.8 main horizontal port of JET
analysed in the case of DT operations. It has been
found that the effect on the calibration factor of this detector is within an acceptable level, i.e.
<3%. The contributions of the neutrons scattered by the torus hall walls and by structure
surrounding the Octant 8 port have been evaluated and amount to less than 10%. Also, the
tritium production rate (TPR) inside the TBM mock-up has been calculated and it serves as a
basis for designing the tritium detectors to be used to measure the TPR during the DT
campaign. The calculations have shown a production of about 4x10-9 T/(cm3s)/(n/s) inside the
sample volumes of the TBM mock up. With a JET D-T neutron emission rate of 1018 n/s we
will have a diamond detector count rate of 114000 C/s. This could be very demanding but it is
an interesting test to be done. The amount of 6Li atoms in one detector could be reduced of a
factor 10, thus also the count rate will be reduced of the same amount.
Completion of feasibility study and optimization of measurements techniques.
A critical point of diamond detectors operated at high temperature is the metal contact
deposited on top of the diamond faces and the metal/diamond interface.

Figure 1.75 - Diamond detector prototype made of mineral cable and metal-ceramic connector

The metal/diamond interface is forming a depletion zone characterized by the presence of a
small electrical potential known as Schottky barrier, which changes with temperature but this is
depending upon the metal. Just as an example, for Ag the barrier is stable even for T > 800 °C
but for Ti it is stable up to about 400 °C. The behaviour of the metal-diamond interface was
studied by using two different approaches. In the first the contact was deposited (by sputtering
technique) and the detector was studied vs. temperature. In a second round, the metal contact,
once deposited was annealed in void at 600°C for one hour and tested vs. temperature too. The
annealing modifies the structure at the metal-diamond interface by forming the so called
carbon-like region which is expected to improve the performances of the contact. In our tests
first a double layered Ti/Pt metal contact was used and then Ag contacts were deposited on a

second diamond plate. In the case of double layered metal contact, Titanium is deposited first
(100 nm thick) so the Ti-diamond interface is the one of interest while Pt is deposited on top of
Ti to avoid the formation of Ti-oxide. In parallel to the above activity, new prototype detectors
were designed and realized in collaboration with THERMOCOAX company (France).
The design of the new detectors was
based upon the already available
experience on running diamond detectors
at high temperature gained at ENEA in
previous work. The new prototypes are
made by mineral cable (of the proper
type to support the very fast signal
produced by the diamond, and able to
work up to 800°C) and of special wiredetector connectors made of metalceramic type and able to withstand up to Figure 1.76 - Detail of the prototype diamond detector with
400°C (Figure 1.75). Laser welding, the “mechanical” connection
whether necessary, was used too (Figure 1.76). A serious problem was represented by the
solution to be used to connect the diamond film to the ground of the chassis and to connector.
In this respect a number of different ideas and technical solutions were proposed and tested, the
more effective resulted the one based on “mechanical” contacts between the diamond film and
the chassis of the detector (Figure 1.76).
Several tests were performed at FNG
under 14 MeV irradiation to study the
response and behaviour of the various
prototypes above discussed. The diamond
detector
prototype
realised
with
mechanical contacts and diamond film
with annealed Ag contacts, resulted the
one with the best performances in terms of
time stability, signal to noise ratio and
spectrometric properties (energy resolution
around ±3% at FWHM). The tests were
performed measuring the pulse height
spectra (PHS) produced by 14 MeV
neutrons
at
various
temperatures,
Figure 1.77 - PHS spectra as function of temperatures
considering the response at room
measured for the prototype diamond detector with
temperature (300°K) as the reference one.
mechanical contact equipped with a diamond films having
The detector showed a very stable
post annealed (600 °C) Ag metal contacts. The inset shows
behaviour and a very low signal/noise
the comparison of the main alpha-peak at various
temperatures
ratio (perfectly comparable to data at room
temperature) up to about 235°C (Fig. 14).
At higher temperatures polarisation effects were observed and the detector did not longer work
properly. Studies are still ongoing to understand the reason of this behaviour of the detector.
ACT: Activation of real ITER materials
This Sub-project aims to take advantage of the 14 MeV neutron flux/fluence produced during
DTE2 to irradiate samples of real ITER materials, used in the manufacturing of the in-vessel
components, and measure the neutron induced activities to validate the calculation predictions
for ITER.

Figure 1.78 - Left: One of the 2 Internal Long Term Irradiation Stations (I-LTIS) installed inside JET at the
outboard midplane, close to the Wide Poloidal Limiters. Right bottom: the LTIS open to show its components.
Right top: the activation samples located inside the LTIS

The first part of 2015 for the ACT project was focused on the set up and installation of the two
Long Term Irradiations Stations (LTIS) within the JET vessel for the 2015-2016 DD campaign.
The LTIS were filled with over 200 dosimetry foils provided by the different institutions
participating in ACT. Once the foils were delivered to CCFE they were engraved with a
unique id number and the LTIS were assembled. The LTISs were installed in the JET Vessel
(Octants 4 and 8) in April 2015; the LTIS in position is shown in Figure 1.78. The foils will be
removed in June 2016 and then analysed to obtain the local neutron fluence and energy
spectrum from 14 MeV down to thermal energy.
Table 1.4 - Specific activity (Bq/g) Results at 100 days after end of DT phase for different steels

The remainder of the year was focused on the pre analysis of ITER real materials, selected in
2014, for the DT campaign. The material composition information for the materials have been
provided by F4E. In some cases the certificates include the specifications and the results of
several sample analysis. In this case the real samples rather than the specifications were
considered. In some cases there is no specific sample analysis and the data needs to be taken
from available literature. The best literature source for ITER materials without supplier
information is the Barabash report on ITER materials [ITER IDM:HTN8X3], this provides the
specifications that the material must meet and hence should be a worst case for impurities.

The pre-analysis was performed using FISPACT-II code with EAF2010 and EAF2007 nuclear
data. All of the above materials have been considered in LTIS and for short term irradiation in
the KN2 system. The results of the analysis give the specific activity, the dose rate, the
dominant nuclides and the pathway analysis for each material of interest (Table 1.4, Table 1.5)
ferent detector response functions for the detectors available at each institution to determine the
possible count rates for each material as a function of time.
Table 1.5 - Specific activity (Bq/g) Results 100 days after end of DT phase for TFC conductor

In this pre-analysis only the DT phase is considered, the assumed total neutron yield in the
campaign is 1.7x1021 neutrons in 4 months. The neutron spectra for both the LTIS and OLTIS
irradiation positions had previously been calculated. The total neutron fluence in LTIS during
DT is 1x1016 n/cm2. The activity levels have been calculated from 1 day to 600 days after the
end of the DT irradiation. As the measurability criterion, it has been assumed that any reaction
giving a singlet gamma peak in the measurable energy range (10-3000 KeV) with a net area of
more than 1000 in a 12 hour count is definitely measurable.
One of the key outputs of the pre-analysis has been that it has identified that it is vital to
retrieve the foils early if some of the important reactions are to be successfully measured. This
means that in the future experiments the outer LTIS will be key to the success of the project.
The analysis showed that in steel samples the majority of the products produced are the ‘usual
suspects’. They dominate the activity levels with Co57, Co58 & Mn54 being 4 orders of
magnitude higher than say Sc46m, Zr95 and Nb95. This will make it very difficult to measure
those products against a Compton background cause by the dominant products. One of the
interesting aspect of the experiments will be if the steels whose specifications did not include
all the impurities actually produce any of the expected products i.e. W185. A second interesting
aspect will be the comparison between different steel manufacturers. The pre-analysis shows
that for some nuclides there is a similar level of activity regardless of manufacturer whilst
others such as Ta182 vary by a factor of 3 or more. The TFC conductor is one of the more
complex material samples as it is a mix of materials with many impurities that are not usually
seen in steels samples. It appears to have a large number of more unusual products such as the
Ag109m and a variety of Tin products. These are however typically several orders of
magnitude less than the Ta182, which may be cause a large Compton background.
NSAF: Operational experience on occupational dose
ITER Occupational Radiation Exposure (ORE) assessment strategy is based on operating
experience collected in the existing experimental fusion devices during maintenance activities,
of most relevance is information from JET. However, data for specific maintenance activities is
still missing or largely uncertain. The objective of NSAF is to collect additional data at JET in
maintenance activities, during normal operation and during shutdowns, to reduce the
uncertainties and lack of information, to improve the database for ITER ORE and provide its
validation.
Following the agreement with IO on main tasks, systems, locations to be monitored, the
strategy for the data collection (tritium concentration, dust concentration and traces, dose rates,
work effort) was defined and initially four maintenance activities were selected for study in the
2014/5 shutdown.
During the planning of the 2014/15 shutdown one of the tasks selected was cancelled. The
tasks finally chosen for monitoring were: 1) Repair IVIS view tube at Octant 4, 2) KT7D

SOXMOS spectrometer feedthrough replacement, 3) KS7 octant 4 lower periscope work. A
detailed breakdown of each task was made available by the respective ROs. Each task was
broken down into specific sub-tasks, which were monitored, as far as possible, individually.
Though currently radiological contamination and external radiation levels on JET are very low
and may not be relevant to ITER, this was a useful exercise for establishing the data collection
process for future shutdowns and for information regarding task duration and worker proximity
to the hazards.
A detailed monitoring report
was created for each task.
This described the activity,
the time taken to perform it,
how many persons were
involved, the background
dose-rates in the area and the
individual personal electronic
dosimeter (PED) results. The
results allowed extrapolating
the ITER case assuming that
the same tasks were carried
out outside the diagnostic
equatorial port in the
presence of a dose rate of 10 Figure 1.79 - Collective dose in the repair IVIS view tube: comparison
µSv/h. For example, in the between JET and ITER. The dose rate measured in JET during the task
case of Task 1, the dose rate was 0.315 microSv/h, whereas the dose supposed for ITER is 10 µSv/h
measured in JET was 0.315 µSv/h, and for the whole task the JET collective dose is 17 µSv. In
the hypothesis made for ITER (10 µSv/h) the collective dose for the same task reaches 567 µSv
(Figure 1.79). The JET experience allows also validating the work effort, including all the
actions required to complete a task and their duration.
TRI: Tritium retention, permeation, outgassing and airborne tritium
The activity in 2015 has been devoted to the finalisation of the designs of the Tritium Loading
Facility (TLF) and the Tritium Permeation Facility (TPF), after having delivered the
preliminary design of the latter at the beginning of the year.
Originally, within the TPF part of
the project, it was foreseen to
construct 2 facilities, one to study
the effect of tritium soaking
(TSF) on samples and one to
measure the diffusion coefficient
of tritium through JET relevant
materials (TPF). Unfortunately,
the cutting of the samples with an
acceptable
thickness
and
diameter
(a
higher
diameter
Figure 1.80 - Block diagram of the Tritium Soaking Facility (TSF
would have allowed to minimise
the measurement errors) has turned out to be impossible to achieve. In addition, the leak
tightness has been found to be excessively difficult to realise due to the minimum achievable
thickness (2.5 mm). It was decided to abandon the TPF and only design the TSF and the TLF.
The TSF will be consist of a chamber equipped with two heating systems (one for the sample
and one for the chamber bake-out), a pressure sensor and three gas lines (one for tritium, one

for air or nitrogen and one that goes to the tritium analytics) (Figure 1.80). A precise
measurement of the pressure is important not only for the control of the operating conditions
but also because by measuring the pressure it is possible to have direct information about the
amount of tritium adsorbed in and released from the samples. The total number of the
switching valves is 3.
The design of the facilities has been delivered in December 2015. The TLF experiments will be
carried out on Be only because it turned out to be impossible to design safely and within budget
the TLF with a heating system able to reach the temperature of W during plasma operations
(~1000°C) due to the maximum temperature the wobble stick (used to transfer the sample from
the loading chamber to the tritium-free outgassing chamber) is able to cope with.
In parallel, the relevant samples have been choosen and booked. The choice has been made to
focus on the centre part of inner wall guard limiters. Two samples have been booked (one
pristine and one exposed to JET DD plasmas, the exposed has to be shared with JET2) and sent
to MEdC in Romania for cutting in 2016. The final experimental plan has been delivered in
September 2015.
Due to JET 2020 rescheduling, the commissioning of the TSF is now planned for September
2016 at the same time as the TLF. The experiments will start after the commissioning of the
facilities, and will be complemented by SEM characterisation of sample surfaces, TDS
analyses on small samples and modelling using the TMAP code. In parallel, theoretical studies
have been conducted on Be and W literature data but also on TDS experiments done as part of
the JET2 project, on samples from the JET ITER-Like Wall.
NCAL: Characterisation of neutron field, activation and dose rates
In 2014 the neutron flux spectra were calculated at all experimental positions, in the irradiation
ends, in the inner LTIS and outer LTIS, and at other potential irradiation positions (vertical
ports, outside the vacuum vessel), for DD and DT operations. In 2015, neutron flux spectra
were calculated also inside the TBM mockup. In preparation of the TT campaign, the TT
neutron source was modelled for use in MCNP code. The activation and dose rates in foils and
functional material samples irradiated in the LTIS during DTE2 were calculated for several
cooling times after irradiation [1.123, 1.124].
International Collaborations
A collaboration has been started between EURATOM - JET and US DOE on simulations of
neutron streaming experiments and shutdown dose rate experiments carried out at JET in the
frame of WP JET3 using advanced neutronics transport and activation codes such as the hybrid
ADVANTG code and the DAG-MCNP code. A part of this scope will include providing the
ADVANTG code to EURATOM-JET, along with expertise at applying the code. JET would
provide experimental data of streaming experiment and of shutdown dose rate experiment
performed in the frame of WP JET3, the existing MCNP input models of JET, the DD, DT
neutron source and the operation histories. US DOE will provide the resources for the
simulation of JET experiments using ADVANTG DAG-MCNP and results. In the frame of
this collaboration, a course on ADVANTG was organized by ENEA and CCFE. The course
was delivered by ORNL Neutron Group in the frame of the US DoE – EUROfusion JET
collaboration on WP JET3 NEXP, Culham, 7 December 2015. About 20 neutronics analysts
attended from all over Europe.
Invited and orals at ISFNT12 Conferences
P. Batistoni et al., Technological exploitation of Deuterium-Tritium operations at JET in support of
ITER design, operation and safety / R. Villari at el., Neutronics Experiments and Analyses in
Preparation of DT Operations at JET / M. Pillon et al., Characterization of a Diamond Detector to be
used as Neutron Yield Monitor during the in-vessel Calibration of JET Neutron Detectors in preparation
of the DT Experiment

1.2.3 – JET4
Neutron Camera Upgrade
The Neutron Camera (NC) is a JET diagnostic with the main function of measuring the
neutron emissivity profile due to 2.5 MeV (DD) and 14 MeV (DT) neutrons over a poloidal
plasma cross-section using line-integrated measurements along a set of 19 collimated
channels (10 horizontal and 9 vertical channels). In view of the future JET DT campaigns an
upgrade project (Neutron Camera Upgrade, NCU) was launched in 2014 with the objective of
increasing the performances and reliability of the NC 14 MeV neutron measurements. Such
objective is to be achieved by replacing the old analogic acquisition electronics of the NC
plastic scintillator detectors (BC418) with a new digital acquisition system (DAS). A possible
replacement of the digital acquisition electronics presently used by another set of NC
detectors (NE213 liquid scintillators), to be decided after 14 MeV neutrons irradiations tests
at the ENEA Frascati neutron generator facility (FNG) with a NC spare detector unit, is also
foreseen.
During 2015 requirements were defined for the new DAS, also by means of experimental
tests performed at JET on BC418/NE213 NC detectors. Figure 1.81 shows, as an example, a set
of 22Na gamma pulse height spectra (PHS) acquired with the NC BC418 detectors and used to
identify the optimal ADC input range for the new DAS.
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Figure 1.81 - Energy calibrated 22Na PHS for the horizontal (left) and vertical (right) JET neutron camera
BC418 detectors

Based on the identified requirements a market survey was carried out and the specific
hardware to be procured was selected. The new DAS will be based on ten X6-400M
acquisition boards produced by Innovative Integration, each having the following
characteristics:
• Two A/D channels (400 Msps; 14 bits; 1V input range).
• PCIe x8 architecture (data transfer >1Gbyte/s).
• Xilinx Virtex 6 FPGA.
• 4 GB on-board memory.
The boards will be distributed on three rack mounted units housing 10 PCs with associated
local mass storage devices and managed through a single KVM (Keyboard, Video and
Mouse) switch.
Additional tests were finally carried out at JET using the NC spare detector unit coupled to an
X6-400M acquisition board. Scope of the tests was to define the experimental set-up to be
used for FNG irradiations (detectors high voltages, cable lengths, additional units to include
in the acquisition chain) and in particular to find a working point for the spare unit detectors
producing an output resembling as much as possible that of actual detectors installed on the
camera, both in terms of pulse amplitude (i.e. filling of the ADCs input range) and pulse
shape (i.e. pulse full width half maximum (FWHM)). Figure 1.82 shows the comparison
between a typical 22Na PHS from BC418 NC detectors and the best matching PHS obtained
using the spare detector unit.
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Figure 1.82 - Left: Comparison between the Na-22 PHS from a NC BC418 detector (channel # 15) and the best
matching PHS obtained with the NC spare detector unit (high voltage= 860V, cable length= 40m, Ortec 771
amplifier (× 2) included in the acquisition chain). Right: FWHM distributions for the same acquisitions

Compact Vertical Neutron Spectrometer
The VNS project is part of the JET component of the EFDA 2012 Work Programme which
includes 4 enhancement projects, referred to as EDT (Enhancements for DT Operations) and
it has the goal to install in the JET Roof Lab a compact neutron spectrometer similar to the
previous JET-EP2 Project “Compact Neutron Spectrometer” (CNS, commissioned during
2012), presently located in the JET KM2 bunker in J1D, with a horizontal tangential line of
sight to the tokamak toroidal field lines.

Figure 1.83 - Support design by HEPCO for the installation of the VNS diamond and scintillator
detectors, along the TOFOR line of sight in the JET Roof Lab

CNS Project was led by ENEA who built a Digital Pulse Shape Discrimination (DPSD)
board, coupled to a NE213 scintillator detector (diameter 2.5 cm x 2.5 cm thick) with LED for
photomultiplier gain variation corrections, built and characterized by Physikalisch-Technische
Bundesanstalt (PTB) [1.125]. The request for a similar spectrometer in the Roof Lab has been
due to the fact that JET has not yet a 14 MeV compact neutron spectrometer, suitable for DT
plasma Campaigns, on a vertical, radial line of sight.
Together with the NE213 scintillator detector, a diamond detector (provided by CNR-Milano)
suitable for 14 MeV neutron measurements at very high count rates (> 1 MHz), will be
installed in front of the NE213 detector and along the same line of view of TOFOR (Time-OfFlight neutron spectrometer at Optimized Rate), as illustrated in Figure 1.83. In 2015 the final
design (by HEPCO) of the VNS support, with a rotating arm for the NE213 detector (in
Figure 1.83 both its rest and operative positions are showed), has been approved: installation
will be completed in the early 2016.

The main activities during 2015 have been the determination of the response functions for
both diamond and scintillator detectors, along with the installation, optimization and
preliminary tests of their digital acquisition electronics.

1.3 - Enabling Research
1.3.1 “NLED” Project ER15-ENEA-03 on “Theory and simulation of energetic particle
dynamics and ensuing collective behaviors in fusion plasmas”, PI: F. Zonca
The Research Team of the NLED project ENEA-03 has consolidated the general framework
established for general theory and numerical simulation of energetic particle (EP) dynamics
and ensuing collective behaviors in fusion plasmas introduced in 2014 [1.126]. In fact, with
the aim not to provide a modeling support to experimental activities, but rather to adopt
experimental “cases” to “extract” the underlying physics processes, mutual positive feedbacks
have been achieved between general theory, numerical simulations and properly diagnosed
experimental observations, as new element of the 2015 w.r.t. the 2014 NLED Project
activities [1.126].
Based on the plasma conditions in the ASDEX Upgrade discharge 31213@0.84s, a set of
equilbria and profiles were collected, parameterized and made available to the NLED project
team [1.127]. In order to satisfy the limitations of some numerical codes, the equilibrium was
chosen to be circular, which is a reasonable approximation for the core region in this
discharge. Several stages and profiles for code-comparison purposes are defined. Linear local
LIGKA results are given for reference. The most important feature of the equilibrium is its
large ratio of βEP/βthermal≈1, which shows the onset of strongly non-linear Toroidal/ReversedShear Alfvén Eigenmodes (TAE/RSAE) dynamics in the presence of EP-driven Geodesic
Acoustic Modes (EGAMs). The interest in these findings triggered further experiments at
ASDEX Upgrade that confirmed previous findings and added new data. Theoretical
predictions of mode onset conditions in these new experiments were confirmed. A key
element of this NLED reference scenario is the model parametric distribution function for EPs
in the space of constants of motion, based on probabilistic assumptions and capable of
rendering realistic experimental conditions [1.27]. This is crucial for the V&V of various
codes involved in the project. The reference scenario is kept up to date and routinely used by
project participants. In the future, it will be made available to all researchers interested in
V&V of EP physics.
The Beta-induced AE (BAE) dynamics excited by anisotropic EPs at low magnetic shear has
been investigated by the XHMGC code. Linear dynamics in similar for co-passing and
counter-passing EPs, while nonlinear behaviour is different in the two cases [1.128].
Nonlinear saturation amplitude is much larger for the co-passing than the counter-passing EP.
Moreover, in the former case the scaling of saturation amplitude with growth rate is linear,
different from the usual quadratic scaling observed in the low growth rate limit and for
counter-passing ions. Linear scaling is obtained also for the counter-passing ions at
sufficiently large growth rates. These differences are due to different radial structures of
resonance frequencies, yielding distinct saturation mechanisms and confirming the crucial
role predicted theoretically for radial non-uniformity and equilibrium geometry [1.129, 1.130,
1.131]. For co-passing ions case, saturation is reached when EP density-flattening region is
limited by the mode width (radial decoupling). For counter-passing ions, saturation occurs
when the flattening region is set by the resonance width (resonance detuning). These two
different processes cause the observed differences in terms of saturation amplitude and its
scaling with the mode growth rate [1.132]. Nonlinear dynamics of chirping EP Modes
(EPMs) driven unstable by transit resonance has been also investigated. It has been shown

that it is due to the succession of resonant excitations from different phase-space regions
[1.128, 1.133, 1.134].
The benchmark between HYMAGYC and HMGC codes has been performed for the ITPATAE test case [1.73]. At low values of the EP drive, the frequencies and growth-rates,
obtained by the two codes, are very similar, and correspond to the same mode (TAE). For
higher values of the EP drive, the differences observed between HYMAGYC and HMGC are
mainly due to the different response of the MHD modules; in particular, to the smaller
continuum damping observed in HYMAGYC w.r.t. HMGC. A scan with respect to EP
temperature (T=200 - 800 keV) has been performed, with good agreement between
HYMAGYC and HMGC computed EP drive, once the damping is subtracted [1.135, 1.72]. A
newly developed scheme for computing shear Alfvén continuum damping in both tokamak
and stellarator geometries has been proposed [1.136, 1.137].
A detailed linear analysis of Alfvén modes has been carried out with NEMORB [1.138].
Linear benchmarks with EUTERPE and HMGC on the ITPA-TAE case have been
successfully completed finding good agreement. Radial mode structure (“boomerang shape”)
has been found to be due to the coupling effect of the EP drive and the radial variation of the
continuous spectrum. Nonlinear investigations of the ITPA-TAE case (with wave-particle
nonlinearities only) suggest nonlinear structure modification due to EPs [1.139], consistent
with [1.140]. A comparison of the nonlinear saturation levels with EUTERPE has also started.
Comparison between the wave-particle nonlinear dynamics predicted by CKA-EUTERPE,
HAGIS/LIGKA and XHMGC has been further carried out with reference to the n=6 ITPATAE benchmark. It has been shown that both CKA-EUTERPE and HAGIS/LIGKA exhibit a
quadratic scaling of the saturation amplitude with the growth rate of the mode in the weakmode regime (saturation due to resonance detuning), along with a transition to a linear scaling
for strongly driven modes (saturation due to radial decoupling) [1.141]. These results are
consistent with those obtained by XHMGC for the same TAE case and in BAE studies [1.128,
1.132, 1.134]. They also fit with the predictions of a toy-model, developed for interpreting
simulation results [1.132]. The fluid electron hybrid model FLU-EUTERPE code has been
extended to work nonlinearly and has been applied to the ITPA-TAE benchmark case for a
tokamak. With finite resistivity, a saturation of the mode amplitude close to that of CKAEUTERPE and HMGC has been found. The scaling of saturated amplitude with changing
linear growth is also comparable.
A Fourier representation in the toroidal direction has been introduced into the CKA code
(reduced MHD) to speed up MHD calculation for stellarators. Convergence speed can be
improved further, but CKA solver now works for large resolution. Furthermore, the
gyrokinetic EUTERPE code has been improved and different models (e.g., fluid-hybrid,
CKA-EUTERPE) have been merged [1.142]. This improvement provides flexibility and
allows computing drift Alfvén wave (DAW) fluctuations in stellarators [1.142, 1.143, 1.144,
1.145, 1.146, 1.147]. In particular, DAW have been investigated in LHD, showing that a
TAE-like mode with a frequency lying in the TAE gap could be destabilized by the gradients
of the bulk plasma without EPs. Similar modes have also been found in W7-X. The newly
developed “pull-back scheme” for the solution of the electromagnetic gyrokinetic Vlasov
Poisson system has been used for these calculations [1.148, 1.149, 1.150, 1.151].
The nonlinear version of the CKA-EUTERPE code has been successfully applied to
stellarators [1.152, 1.153]. To allow computations, phase factor extraction of the dominant
Fourier harmonic has been retained. Saturation levels of an NBI-driven TAE mode in W7-X
and a α-driven HAE mode in the HELIAS reactor have been calculated. The time step
necessary to converge the results is found to be smaller by more than an order of magnitude
compared with a tokamak case. The saturation levels found for relevant parameters are around
δBrad/B0≈10-3. Proof of principle FLU-EUTERPE simulations within a limited range of

numerical parameters have been performed in W7-AS, LHD, and W7-X stellarator
geometries. Global modes driven by EPs have been found in W7-X geometry. Work to
expand the working parameter range to experimentally relevant values is in progress.
Nonlinear simulations of Alfvén modes with wave-particle and wave-wave nonlinearities
have also been performed with NEMORB, in particular for the coupling with zonal structures
[1.139]. With flat q-profile, wave-wave coupling has been found to dominate the saturation
mechanism, preventing the Alfvén mode to reach the amplitudes necessary for appreciable EP
radial redistribution. Linear simulations of GAMs with the realistic equilibrium of the NLEDAUG reference case have also been investigated. Nonlinear EGAMs have also been studied
with wave-particle nonlinearities only, and with the EP distribution function suggested in
[1.26] (see also [1.27]).
Numerical simulations of electrostatic turbulence have shown that instead of the expected
moderating effect, EGAMs could on the contrary enhance ITG turbulence [1.154, 1.155]. An
analytical, non-linear three-wave parametric interaction model has been developed to better
understand the interaction between these instabilities observed in the simulations. A local
dispersion relation shows that the non-linear excitation of two linearly stable ITG modes by
an EGAM is only possible under stringent conditions, in line with expectations and the
mitigating impact of GAMs on turbulence. Meanwhile, a three-wave interaction propagative
model predicts that, if ITG modes are linearly unstable in the core region and linearly stable
in the outer region, the EGAM can act as a pump to non-linearly destabilize ITG modes in the
outer region.
The link between GAMs and EGAMs has been clarified by detailed analyses of the linear
dispersion relation, as well as extensive gyrokinetic simulations [1.156, 1.157]. These
findings may have impact on turbulence control. The validity of these results has been
checked using the new 2-ion species version of the GYSELA code [1.158]. Good agreement
of the EGAM frequency and linear growth rate was found. This motivates new simulations to
be conducted, with a focus on identifying potentially different effects on ITG turbulence.
Nonlinear EP interaction with multiple TAEs has been studied for the ITER 15 MA baseline
scenario (q0= 0.986) using the HAGIS code [1.159, 1.160, 1.161, 1.162]. Similar to earlier
studies of ASDEX Upgrade [1.163], it was found that global, nonlinear effects are crucial for
the evolution of the multi mode scenario. Taking into account all weakly damped modes that
can be identified linearly with the gyrokinetic, non-perturbative LIGKA solver, simulations
with HAGIS demonstrated that the nonlinear excitation of linearly sub-dominant modes can
be crucial to the relaxed EP profile. Whereas the most unstable, mid-radius localized TAEs
lead only to a moderate EP redistribution that is rather close to quasi-linear estimates, in a
certain parameter regime, the slowly growing low-n TAEs eventually lead to a substantial EP
relaxation in the outer core region via domino-effect [1.164]. Similarity and differences of EP
transport by multiple modes, and multi-beam interaction with plasma waves in 1D uniform
system has been addressed. In particular, the general problem of n cold beams selfconsistently evolving in the presence of m (greater or equal to n) Langmuir modes at the
plasma frequency has been formulated in Hamiltonian form [1.165]. A theoretical analysis
combined with numerical simulations has demonstrated non-diffusive behavior beyond the
quasi-linear paradigm, as well as the necessity of accounting for modes of the linear stable
spectrum for proper description of EP transport [1.166]. This is qualitatively consistent with
EP transport by multi modes in fusion plasmas. A quantitative comparison is underway.
Linear and nonlinear studies of electron fishbone instability have been performed with the
HMGC code. Standard (peaked on-axis) [1.64] and inverted (peaked off-axis) [1.65, 1.66]
supra-thermal electron density profiles with moderately hollow q-profile have been studied.
The linear analysis demonstrated that the two situations are different in terms of the
characteristic resonance frequency of the mode, as well as the fraction of supra-thermal

particles involved in the destabilization of the mode, confirming theoretical expectations. The
study of e-fishbone nonlinear saturation mechanisms adopted the test particle Hamiltonian
method (TPHM) package [1.60] and it has been performed for both the on axis profile as well
as for the off axis density profile. The two cases show a different behaviour of phase-space
resonant structures, which yield mode saturation via reduction of the free energy source by
energetic electron density flattening.
A minimal model was developed for the nonlinear analysis of precessional fishbones. In this
framework, only deeply trapped particles are retained in order to deal with a single, and
relatively simple, mode-particle resonance. The bulk of the plasma it is described in the cold
plasma approximation by the Reduced-MHD equations in a cylindrical geometry. An hybrid
numerical code, based on this approach, was developed adopting a semi-lagrangian scheme
for the evolution of the particle distribution function and a semi-spectral scheme for the MHD
part. At the same time the growth rate and the real frequency of the Fishbone instability have
been determined using a standard analytic approach. The numerical code has been
benchmarked with the analytical results and it is able to correctly recover them, during the
linear phase of the instability [1.167]. The non-linear phase is under investigation. Other
NLED activity is also published in [1.168]
1.3.2 Project AWP15-ENR-01/ENEA-08: Unexplored magnetic vortex regimes relevant
for fusion applications of superconductors, PI: G. Celentano
It is widely recognized that in perspective of DEMO, High Temperature Superconductors
(HTS) REBa2Cu3O7-x (RE = rare earths and Y, REBCO) could enable operation at larger
fields (13 – 16 T) at the same temperature, or at higher temperature (20 K or higher) with the
same field as ITER. However, in spite of this interest, up to now there is a lack of knowledge
and experimental studies of the fundamental properties of superconducting materials in either
intermediate temperature range (20 – 50 K) or extreme high field conditions at 4.2 K. The aim
of this project is the acquisition of knowledge on current transport properties of REBCO films
in those fusion relevant conditions. It is believed that the knowledge acquired during this 3
years long activity will constitute a background for the assessment of the potential in
performance improvements of REBCO-based conductors, as a reference for the design of the
HTS based magnet system for a fusion reactor.
Table 1.6 - Critical Temperature, TC, for MOD YBCO films as a function of the BZO content, obtained by
resistive measurements

The first year of the project was devoted to the optimization of the YBa2Cu3O7-x (YBCO) and
BaZrO3 (BZO)-YBCO nanocomposite film depositions. In agreement with the 1st year
objective (film growth optimization, Deliverable 1, 12 month), the research activity was
organized as follow: growth and characterization of superconducting films and the
investigations of current transport properties by dc and microwave techniques.
YBCO and composite BZO-YBCO films were deposited with two different film deposition
techniques: Pulsed laser deposition (PLD) and chemical Metal-Organic Decomposition
(MOD) methods. For PLD sample deposition the composite targets have been prepared by
mixing together YBCO and BZO compounds (obtained by solid state reaction) in the given
molar % concentrations, pressing and finally sintering by high temperature thermal treatment
(at 950 °C for 24 h in oxygen atmosphere). The following targets have been obtained: (1)
YBCO+2.5 mol% BZO; (2) YBCO+5 mol% BZO; (3) YBCO+7 mol% BZO;

Figure 1.84 – (102) YBCO pole figure for YBCO-5%BZO
film

Figure 1.85 – (101) BZO pole figure for a YBCO-5%BZO
film

(4) YBCO+10 mol% BZO. MOD-YBCO films were deposited using low fluorine solution
precursor prepared starting from yttrium acetate hydrate, barium trifluoroacetate hydrate and
copper acetate corresponding to the 1:2:3 stoichiometry.

Figure 1.86 - Critical current density, Jc,
dependences on magnetic flux density measured
in temperature range 10 K- 77 K for YBCO (full
symbols) and YBCO–5%BZO (empty symbols)

Figure 1.87 - Critical temperature of pure YBCO and
YBCO-BZO films obtained from as-prepared and aged
solutions. Time represents solutions age

The YBCO-BZO solution was prepared adding barium trifluoroacetate and zirconium
acetylacetonate precursors, in stoichiometric proportion to reach 5, 7.5 and 10 mol.% of
doping [1.169]. The critical temperature, Tc, measured by dc resistivity have shown that BZO
introduction slightly affect the superconducting transition (see Table 1).
X-ray diffraction pole figures analyses reveal a clear epitaxial growth for the MOD YBCO
films with or without BZO nano-inclusion. A weak sign of a-axis orientation can be detected.
The phi-scan of the YBCO(102) reflections gives rise to a FWHM-value of about 1°,
indicating a sharp in-plane orientation (see Figure 1.84). The BZO poles figure shows that
BZO is randomly incorporated into the YBCO without preferred orientation (see Figure
1.85). The BZO addition on YBCO film effectively improves Jc (B) dependences as shown in
Figure 1.86 for a 5%BZO films.The aging of precursor solutions for YBCO and YBCO with
addition of BZO pinning center films has been studied monitoring the time evolution of both

solutions and films deposited with aged solutions. The use of NMR spectroscopic techniques
evidenced some differences in the two precursor solutions at zero time and time evolutions
corresponding to different microstructural and superconducting properties of deposited
samples. BZO addition seems to increase the reactivity and degradation of the precursor
solution [1.169].
In spite of the poor solution time stability usually exhibited by low fluorine solutions, the
developed YBCO and BZO-YBCO coating solutions have shown remarkable stability over an
extended period of more than 2 months making them suitable for film deposition, see Figure
1.87. A study aimed at the comprehension of the underlying chemical mechanisms of aging
(salts precipitation, oxidation, polymerization) and its effect on film properties has been
carried out. The formation of new compounds has been revealed in both YBCO and YBCOBZO aged solutions by using high resolution NMR spectroscopy techniques [1.169]. This
study is currently in progress.
The introduction of BZO leads to a Tc depression only in PLD films (Tc = 87 K for 10 mol.%
BZO YBCO), Figure 1.88

Figure 1.88 - Tc values for PLD films for different
BZO content

Figure 1.89 - XRD θ-2θ spectra for PLD YBCO films
with different BZO content: 7% (blue curve) and 10%
(red)

XRD investigations have shown that the presence of BZO can be detected by XRD analyses.
In the θ-2θ spectra an increase of BZO peak intensity with target BZO content as been
reported (Figure 1.89). Polar figures revealed that in PLD YBCO film BZO inclusions develop
the (100)BZO//(100)YBCO and <011>BZO//<011> YBCO crystallographic orientation
relationship.
However, improved Jc values and magnetic field behaviour is observed in both MOD and
PLD composite YBCO films [1.170]. Angle dependent Jc curves revealed different nature of
pinning mechanisms in PLD and MOD films. Form microwave measurements in some PLDand MOD-YBCO and YBCO/BZO films, the vortex parameters (pinning coefficient r,
depinning frequency νp, pinning constant kp, maximum creep factor χM) and their fielddependence have been obtained and compared to dc, Jc measurements [1.170, 1.171]. Typical
results for r and kp obtained on MOD samples are plotted in Figure 1.90. Results, the validation
of the models and of the technique were presented to international Conferences and submitted
for publication to international journals [1.170, 1.171].

In agreement with the project plan activity, a second approach for the introduction of artificial
pinning centers in YBCO films based on surface decoration has been faced. MgO(100)
substrates have been successfully decorated by a homogenous size and shape distribution of

Figure 1.90 - Pinning parameter r (a) and Pinning constant kp (b) for pure (blue triangles) and YBCO/BZO (red
circles) samples by MOD: higher r value obtained in YBCO/BZO means stronger pinning, decreasing of kp(B) in
YBCO/BZO indicates essentially unchanged the pinning mechanism

the LSMO nanoislands (density ≈500 µm-2) using very dilute solutions. A quantitative study
has been performed, indicating that the equivalent islands diameter is D = 27 ± 11 nm, while
the average height is h ≈6 nm. Part of results has been reported on a manuscript submitted for
publication to an international journal [1.172].
In addition, an extensive characterization campaign has been organized for a comprehension
of the microstructural nature of the films and effect of secondary phase addition on the YBCO
films. A part from dc, microwave, X-ray diffraction and photoemission spectroscopy
characterizations, some selected samples have been subjected to deeper analysis by SIMSToF technique, TEM and temperature dependent SAXS/GI-SAXS investigations carried out
at Electra Syncrotron Radiation facility and (previously mentioned) high resolution NMR
spectroscopy. A proposal for EXAFS measurements at ESFR Synchrotron Radiation has been
submitted. Some of these measurements are still in progress. The results of this set of
advanced investigations will be described in the next period report.
1.3.2 “TOIFE” Project AWP15-ENR-01/ENEA-08
Scientific research related to fusion inertial confinement in ENEA is performed by the ABC
group in Frascati in the framework of the Enabling Research Eurofusion program ERWP15_CEA-02 (TOIFE) in collaboration with Italian Universities and European institutions.
In 2015 studies on the possibility of inducing proton boron reactions by laser, have performed
in ABC on cavity targets and in ECLIPSE (CELIA, Bordeaux) by proton acceleration on solid
Boron. The homogenization and heat transmission of porous materials has been investigated
on free standing Agar Agar samples. Diagnostics of the electromagnetic pulses (emp) has
been performed by means of metallic antennas and diamagnetic probes based on the Pockel’s
cell effect. Calibration of Imaging Plates to X radiation has been performed in ABC and in
ECLIPSE.
Aneutronic fusion.
LICPA (Laser-Induced Cavity Pressure Acceleration) cavity targets have been tested in ABC
as a means of producing fast protons and attain p-B11 fusion reactions. The experiments have
been performed in collaboration with IPPLM in Warsaw who developed the targets and

demonstrated the capability of efficiently accelerating fast ions out of a plastic membrane on
the cavity output. In a previous ABC campaign with a single beam, proton energies up to
200keV have been measured. However in these experiment,

Figure 1.91 - Schematics of the LICPA p-B experiment
Figure 1.92 - Tracks on a PM355 detector
placed at 4.2 cm from the target and 6.0 µm
Al filter. The tracks can be assumed to be due
to α particles with energy > 1.8 MeV,
consistent with a p-B fusion origin

when the proton beam hit a boron solid target, there was no production of alpha particles, as
expected in p-11B fusion reactions. In the present campaign two laser beams have been shot
on opposite sides of the targets (see Figure 1.91), the first (A) to produce the fast protons and
the second (B) to simultaneously produce a Boron plasma. In these conditions the tracks
observed in the PM355 detector were compatible with the alpha particle originating from
proton Boron, Figure 1.92. A second set of experiments on the femtosecond laser ECLIPSE in
Bordeaux, was performed in collaboration with the CELIA team. In this experiments the fast
protons were produced by TNSA (Tare Normal Sheath Acceleration) and hit a solid Boron
target in proximity of CR39 track detector. The results are under study.
Light absorption by foams.
The study of porous materials, or foams, has been continued from the past year in
collaboration with the Lebedev Institut of Moscow.

Figure 1.93 - Effect of sharp laser profile variations on different
targets: Al (no mask); Al with mask; foam (with mask)

Figure 1.94 - X ray emission from front side target
illustrating different propagation time

These materials are characterized by an internal structure constituted by randomly alternating
membranes or filaments, and voids. Due to the irregular density distribution of the plasma
produced by laser irradiation inside a foam target, the laser energy is absorbed in a volume,
rather than in a thin layer as it happens for ordinary homogeneous materials [1.173, 1.174,
1.175]. For this reason, porous materials can smooth out laser inhomogeneity and enhance the
pressure in the laser-produced plasma [1.176]. New experimental results have been obtained
by using suitable masks along the laser path before the experimental chamber, producing a
known perturbation in the laser transverse spatial profile.

The targets were constituted by aluminium foils and free standing layers of porous material.
By observing the shadowgraphy of the side of the target opposite to the irradiated one it has
been possible to see that in the case of the aluminium foils the transverse shape of the incident
laser pulse was quite replicated by the shock wave front reaching the back face of the target;
on the other hand, the freestanding porous material layer showed a regular front on the rear
side Figure 1.93. This can be interpreted as a smoothing effect of the foam on the laser light
absorption in the plasma. Moreover, the propagation of the heat wave in these materials has
been studied by irradiating foam targets with a metallic deposition on their backside. These
experiments showed that at the beginning of irradiation part of the laser light can pass thru the
foam target and heat the rear side, where the metallic deposition produced X-rays which have
been revealed. When the randomly distributed plasma produced inside the foam becomes
homogeneous, the emission of X-rays from the rear side is attenuated, due to the formation of
a layer of critical density in the plasma, which completely stops the laser light Figure 1.94.

Figure 1.95 - he spatial profiles of temperature (left) and laser intensity (right) in a simulation of a porous
medium of density ρp = 10 mg/cm3 irradiated by a laser pulse of an intensity I = 1014 W/cm2. The curves are
taken at the simulation times (1) 0.25 ns, (2) 0.5 ns, (3) 0.75 ns, (4) 0.95 ns

Another related line of research is constituted by the theoretical study of the laser light
absorption in the porous materials. Hydrodynamic simulations regarding these materials are
lacking of information about their internal structure, which should be accounted properly to
reliably reproduce their features. In order to better model the absorption of laser light, an
existing theoretical model has been further developed and has been used to calculate a
spatially and temporally dependent absorption coefficient. A simple numerical model has
been developed to test the features of absorption [1.177]. The pictures in Figure 1.95 show
examples from177 of the temperature and the laser intensity pro.les along the laser
propagation direction at different times of a simulation of a foam with an average initial
density larger than the critical density for the laser wavelength of 1054 nm. The laser intensity
on the target was of 1014 W/cm2 and the foam average density was of 10 mg/cm3. The plasma
in the foam became overdense after around 1 ns, according with estimations from an
analytical calculation.
Study on Electomagnetic Pulses (EMPs).
Measurements of Electomagnetic Pulses (EMPs) have been performed with ABC Laser. A
thick solid Al target interacted with two laser beams, for ∼25-40 J energies and ∼0.5 PW/cm2
intensities, respectively, on two opposite and parallel surfaces the target [1.1781]. Lasers have
3 ns FWHM (Full Width Half Maximum) and fundamental wavelength λ0 = 1054 nm. The
shots were diagnosed by two antenna types. The first is a commercial monopolar antenna
used for multiband wireless communications and optimized in the range (0.8-2.5) GHz
[1.179]. A prototype was inside the experimental vacuum chamber (Antenna 1), and one just
outside, close to one of its quartz windows (Antenna 3). The second type of antenna (Antenna

2) is also placed inside the chamber, and it is a custom microstrip SuperWideBand antenna
(SWB) [1.180], optimized in the range (0.8-18) GHz and with an almost omnidirectional
radiation pattern, changing with frequency. The complex nature of the detected signals
required their multi-domain study, with related measurements shown in Figure 1.96. Classical
time-domain analysis was accompanied with representation of signal Amplitude Envelope.
For a real signal x(t) the Amplitude Envelope (AE) is defined as [1.181, 1.182] 𝐴𝐸 𝑥 𝑡 ≡
!!
𝑥 𝑡 + 𝑖/𝜋 𝑝. 𝑣. !! 𝑥(𝜏)/ 𝑡 − 𝜏 𝑑𝜏 , where the second addendum represents the Hilbert
Transform of x(t) and “p.v.” stands for the Cauchy principal value of the integral.

(a)

(b)

(c)
(d)
Figure 1.96 - Time domain measurements (a), related Amplitude Envelopes (b), Fourier Transforms (c) and
Short-Time Fourier Transforms (d), of results for shot #1525 with the three antennas. For Antenna 3 two
different time scales have been used

Classical frequency-domain approach by Fast Fourier Transform (FFT) gives information on
the spectral content of a signal on the whole analyzed time interval, but in the shown
measurements indeed signal period changes with time. For this reason we applied to the
measured signal a time-frequency analysis by means of the Short-Time Fourier Transform
!!
(STFT), defined as [1.182] 𝐹!! 𝑡, 𝑓 ≡ !! 𝑠 𝜏 𝑤(𝜏 − 𝑡)𝑒 !!!!"# 𝑑𝜏 where s(t) is the time
domain signal, and w(t) is the Hamming window function being zero outside a specific time
set. The associated Spectrogram is defined as: 𝑆!! 𝑡, 𝑓 ≡ 𝐹!! (𝑡, 𝑓) ! . With FFT, because of
Nyquist-Shannon’s theorem, the sampling rate puts a limit to the maximum frequency of the
signal that can be analyzed. On the other hand, the frequency resolution is dependent on the
number of acquired samples. This applies also for the STFT [1.182]. In practice, in this case a
Fourier Transform is performed in consecutive time intervals, which overlap with the
following ones for a fixed time duration. In this way, time and frequency content are
correlated, but higher time resolution means lower frequency resolution and vice-versa. We
showed that measured electromagnetic fields inside the experimental chamber have time
duration up to ∼100 ns, and spectral content changing with time. This multicomponent nature
of the signals might be due to the superimposition of modal fields localized within the
experimental chamber. Signals observed outside it appear to be constituted by two
components. One with low time duration, which may be related to fields inside the chamber
and the other, existent for longer intervals and with low frequency content. Routs of main

coupling of fields inside the chamber to the outside are quartz windows and cables attached to
vacuum RF feedthroughs, whose external conductor is galvanically isolated from the
chamber. We see that for all the antennas there is correspondence of the main spectral
components at ∼ 140 MHz, ∼ 200 MHz and ∼ 400 MHz. Contributions at low frequencies (up
to 50 MHz) are visible for Antenna 1 and 3 only. The main part of the spectrum is limited to
approximately the first 600 MHz for antennas inside the chamber, whereas the spectrum for
Antenna 3 is more composite. The application of STFT showed that for both Antenna 1 and 2
the ∼ 200 MHz and ∼ 400 MHz components are respectively synchronous, that the one at ∼
200 MHz lasts for longer time and it is slightly time-shifted with respect to the other. For
Antenna 3 we observed a similar shift of the ∼200 MHz component with respect to the
∼400 MHz one, but they have intrinsically longer time duration. The ∼140 MHz contribution
is observed for all the antennas (although less definite for Antenna 1) and it is synchronized
with the onset of the ∼400 MHz component. The multi-domain analysis is a powerful
instruments for the understanding of EMP onset due to laser-plasma interaction. More
experiments are required to have deeper insight on the effect of laser parameters and of target
structure and material on the generated electromagnetic pulse.
Imaging Plate
Calibrations Imaging Plate detectors are largely used as x- ray and particle detectors and
imagers, both in medical applications and research laboratories. The program for the
calibration of Imaging Plates started in 2014 in collaboration with the laboratory for X-Ray in
the ENEA magnetic fusion laboratory and with CELIA laboratories was continued.
Data from the 2014 experiments
performed both in Frascati and in
Bordeaux were analyzed, and the
analysis allowed us to refine the
calibrations already available.
Since the two sets of calibrations
were performed with different
scanners, a Dürr CR35 Bio
scanner in ABC laboratory in
Frascati and a Fujifilm FLA 7000
scanner in CELIA laboratories in
Bordeaux, and the Dürr scanner
lacks a conversion algorithm to
express its data in the widely used
Figure 1.97 - The relationship between GL from Dürr CR35 Bio
Photostimulated Luminescence and PSL from Fujifilm FLA7000. Experimental data (dots with
(PSL) counts; an experiment for error bars) and fit (solid line)
the cross-calibrations of these two
scanners was performed, in CELIA laboratories. Using pieces of IP from the same batch, we
produced pairs of identical samples irradiating them with a 55Fe β source. These identical
samples were scanned with both scanners and we got an equation that allows us to compare
data from the two laboratories (Figure 1.97 ). This calibration also discloses for the Dürr
scanner the use of calibration found in literature and expressed in PSL counts unit. This
program brought to the publication of three articles.
1.3.4 Project AWP15-CNR-01/ENEA-06: “Experimental investigation of PDIs and wave
excitation by non-resonant mm-wave beams and their effect on localized Electron
Cyclotron and Ion heating using an improved CTS diagnostic”
The recently renewed 140GHz Collective Thomson Scattering (CTS) system at FTU is being

used for the experimental investigation of Parametric Decay Instabilities (PDI) and wave
excitation by non-resonant mm-wave, as well as for the study of their effect on localized
Electron Cyclotron and Ion heating, in the Enabling Research project AWP15-CNR01/ENEA-06. The main purposes of the project are
• Determine the EC launching and plasma condition in which PDI can be observed, in
order to prevent their appearance in case they produce degradation of the EC
deposition profiles for heating or current drive.
• Study the impact of the PDIs on the efficiency of EC to stabilize the magnetic island
where they are localized
• Study the possibility to exploit PDIs to perform localized heating by means of the
excited waves
• Verify the possibility that PDIs induce ion heating and estimate this effect on the ion
temperature and distribution function
• Test the effect of the injection of two high power mm-wave beams such that their
difference in frequency is a multiple of the ion gyro-frequency and estimate the effect
on ion temperature and distribution function.
The specific experimental conditions on FTU are advantageous and make the purposed study
of particular interest: FTU offers the possibility to work with plasma density condition and
injection geometry similar to those envisaged for the CTS system in ITER. In the high field
configuration (BT = 7.2 T) the probe beam is non-resonant since the fundamental harmonic
layer lies between the plasma edge and the vacuum vessel. The same condition could be
obtained at BT = 3.6 T where the first and the second EC harmonics are outside the plasma,
surrounding it. The use of a fast digitizer allows the acquisition of the data over a wide
frequency band (5 GHz) with an extremely high sampling rate of 12.5GS/s maximum. In
order to optimize the quality of the acquired signal, a great effort has been performed to
discriminate the radiation coming from the formation of undesired breakdown plasma near
the injecting mirror. For this reason, three new sensors have been installed in the antenna port.
Different configurations of signal injection and plasma condition have been explored during
the last experimental campaign. Plasma discharges have been performed at 4.7 T (resonance
inside the plasma) and 3.6 T (resonance outside the plasma). The two lines of sight of the new
EC launcher of FTU are used to inject the high power beam (~400 kW) and to receive the
scattered radiation, moving the receiving mirror during the discharge for a more precise
localization of the source of the scattering phenomena. Details regarding the results of the
experimental observations are reported in the FTU experimental activity section of this
document.

1.4 Complementary Activity
1.4.1 CARM Source Development
Plasma heating systems based on the electron cyclotron resonance (ECRH) mechanism have
been used effectively in different fusion devices exploiting the intrinsic potential features of
this technique. Among these peculiarities it is worth to mention the local absorption of the RF
power at the electron cyclotron resonance that may provide an increase of the plasma
temperature, the damping of dangerous instabilities, the modification of the pressure and
density profiles that can control electric current drive in the plasma itself.
The physical mechanisms underlying the plasma heating process and the damping of
instabilities, like those of saw tooth type, using external electromagnetic sources, have been
thoroughly investigated in plasma physics.

In the case of the international Tokamak experiment ITER, which operates at a magnetic field
of 5.7 Tesla, Gyrotron sources are in an advanced phase of development and can provide a
heating power of approximately 1 MW CW at a frequency of 170 GHz. The further step in
fusion, DEMO, and any future fusion reactor, due to the high temperatures associated with the
plasma, require higher ECRH frequencies to obtain a central Radio-Frequency (RF) power
deposition, avoiding downshifted absorption on the distribution function tails. It will be
therefore necessary to develop high-power sources (≥ 1 MW) in the frequency range of 200300 GHz.
The quest for the parallel development of different “heating tools” should therefore be
considered. CARM sources have been viewed as promising devices since the 80’s of the last
century. The experimental effort put forward in the following decade was hampered by some
technological issues, associated with the difficulties of getting a high quality intense electron
beam, which did not allow the possibility of obtaining the required performances in terms of
efficiency.
Major achievements in the design of emitters providing high quality e-beam, along with
significant improvements in analytical and numerical modelling capability and the availability
of unprecedented computational resources, are the key issues to overcome the quoted
technological drawbacks. These reasons motivate the proposal of a new CARM sources
dedicate to ECRH. A design study for such a source has been conducted at ENEA-Frascati,
and a research programme is currently being carried out.
We have chosen the working frequency of the proposed CARM source taking into account
the expected demands of reactor-relevant machines like DEMO

Figure 1.98 - Contour plots of parallel refraction index and frequency; different colors represent the radial
position (in meters) at which the first harmonic absorption becomes possible.

A proper analysis of the plasma characteristics of DEMO 2014 design, and the relevant
interaction with the electromagnetic waves lead to the result reported in Figure 1.98 where the
contour lines versus frequency and the parallel refractive index are plotted. Since the optimum
current drive efficiency occurs at higher n|| (between 0.6and 0.8), and considering that
absorption is more efficient close to the centre of the tours (the major radius R0) we can
conclude that the steady-state and pulsed DEMO operating modes are expected to require
frequencies around 230 and 280 GHz, respectively, allowing the EC waves with larger n|| to
reach the geometrical axis of the tokamak.
The availability of CARM sources operating at frequencies in the range 250 GHz, allows also
its use on FTU to perform second-harmonic EC experiments.

The proposed device is a complex system that can be schematically described in term of
single blocks that recall all the basic elements of the electron-based electromagnetic radiation
sources like Free Electron Lasers and Gyrotrons. In Figure 1.99 a schematic layout is reported.

Figure 1.99 - ENEA CARM Layout

The Modulator is one of the most crucial, complex and expensive elements of the entire
experiment. The relevant complexity comes from the noteworthy required stability of its
electrical parameters, comparable with the modulators of High Power Klystrons, used to drive
High-Gradient RF LINACs, albeit with a much longer pulse. The ENEA CARM project is to
be developed in two steps. The first step considers a pulsed operation at low repetition rate
and maximum pulse duration of 50 ms The second step is devoted to the development of a
long pulse CARM prototype, requiring different type of modulator indeed equipped with a
depressed collector, for beam energy recovery, and Vlasov-like mode converter to bring the
RF power out of the CARM system. Due to the power losses into the RF circuit an intensive
forced cooling is necessary. It is evident that both steps differs from each other for their
respective pulse length but must have equal pulse time profile which applies different
approach for designing the Modulator.
The Electron-Gun emits and accelerates the electron beam with the required parameters and
it has a diode type geometry. The electron beam is and then transported through the vacuum
vessel immersed in high magnetic field; most of the helical beam properties are strongly
dependent on the Gun design. In general the electron beam is very sensitive to small changes
of the electrode dimensions, emitter surface roughness and its chemical properties. The road
map pursed, during the preliminary design of the electron gun, had as a goal the limitation of
both the maximum surface electric field and the control of the initial electrons velocity
spread. As a main target for the long pulse operation, the surface electric field at any point
inside the gun has to be less than 10kV/mm. Moreover we have taken into account that, the
geometrical shape of the electrodes, their surface roughness, the emitter temperature and its
uniformity, rule the electron velocity spread over the whole emitter surface.
The RF Resonant Cavity is the element where the electron beam energy is partially
transferred to the radiation electric field. The operating modes in CARM are usually TEmn
type. The conversion efficiency depends on the quality of the electron beam, which in turn
demands for a high performance gun design. The possibility of achieving a suitable efficiency
level depends also on the appropriate beam coupling to the operating mode. The mode

selection is an issue of crucial importance; the RF cavity must therefore guarantee an efficient
beam interaction with a Doppler upshifted frequency and to suppress the down shifted
(cutoff) counterpart. An oversized cavity will be used with cross section dimensions set by
limits of the RF power dissipation on the cavity wall and by the electric breakdown in
vacuum.
The Magnetic Channel provides the electron beam transport and appropriate shape before its
injection into the cavity. It consists of a gun coil, a large cavity magnet and a kicker coil.
Eventually an additional correcting coil positioned before the main magnet will be used to
form the desired magnetic field topology along the z-axis. All elements must be aligned very
accurately along the CARM axis in order to have an efficient beam transport and an optimal
beam-RF coupling into the resonant cavity.
The last component of the magnet system is the “Kicker Coil” generating a field with a
nominal value ranging 0.08-0.1 Tesla, perpendicular to the system axis. This coil is necessary
to remove any stray remaining electron after the beam dump by forcing them into the beam
pipe wall.
The Beam Dump is the region of the CARM in which the spent electron beam is terminated.
The ENEA CARM generates high-energy electron beams (700 keV), hence as the beam
terminates by impacting the walls of the beam pipe it produces a significant amount of x-ray
radiation by bremsstrahlung. Thus the beam dump has to be carefully designed to absorb the
x-ray flux. Usually a multi-layer lead surrounds this element to protect the nearby area from
the produced radiation. The termination of the beam also produces heating due to both
scattering and ohmic losses. Therefore, the beam dump is water cooled through channels in its
exterior wall.
The Vacuum System is an important part of any high-power microwave tube. It is designed
to maintain an extremely low pressure at high pumping rate. In general the vacuum is
responsible for two extremely dangerous phenomena. The first one is a vacuum break-dawn
due to a high electric field across the gaps. The second one is a surface field breakdown due
to a high surface field. We have been very conscious when the decisions about the cavity size
and the operating mode have been taken. Our experimental part under vacuum is about 2
meters long with a minimum cross-section of 15 mm. The device will operate at pulse
duration between 1 and 50 µs, for the first step of the project, thus we will need a double side
pumping to maintain the designed repetition rate of 10 Hz. Most of the components under
vacuum can’t be slotted apart for better pumping performance. The vacuum is mainly relevant
for emitter due to poisoning possibility. A special chemical treatment of all the components,
before the final assembling and installing, is considered in the project.
A Technical Design Report (TDR) has been prepared, and it will be soon submitted to an
International Advisory Board composed of the most prestigious experts in this field.

1.5 Non Eurofusion Funded Activity
1.5.1 Proto-SPHERA
The first experimental phase of PROTO-SPHERA, with central column plasma only (dubbed
as Multi-Pinch) had been running from the summer of 2014 up to February 2015.

Figure 1.100 - The annular anode lowered on top of PROTO-SPHERA, b) The annular anode being assembled, c)
The annular cathode being heated before the plasma discharge

In this first phase the plasma central column was obtained in presence of the annular cathode
on the bottom of the machine, but with a simple provisional cylindrical anode on top of it.
In May 2015 the final
annular
anode
was
lowered on top of
machine, see Figure
1.100. The new operation
of
PROTO-SPHERA
phase 1 has been
implemented during the
year 2015 in presence
the final annular anode
in two main steps: the
first in May 2015, which
did not produce more
Figure 1.101 - a) Plasma Centerpost in Argon, b) in Hydrogen, 2c) Magnetic
field map
than 2 kA of plasma
centerpost current, see
Figure 1.101 a) and b). The reason was the presence of a regular X-point of the magnetic field
on the outboard of the vacuum vessel: the plasma current could flow in secondary discharges.
In order to remove this behavior 4 new (poloidal field) PF coils were wound in July around
the vessel, in order to get rid of the ordinary X-point, see Figure 1.102.

Figure 1.102 - The new magnetic field map of PROTO-SPHERA after the new PF coils (light blue) outside the
vacuum vessel, shown from the top of the machine b) and the bottom of it c)

The result was quite encouraging: in the October 2015 plasma operation the secondary
discharges vanished and the plasma centerpost current reached 3.4 kA (Figure 1.103 a), with a
duration of 0.3 s. Furthermore the plasma filamentation, due to the sparse cathode filaments
(18 rows of 3 W coils), vanishes as the plasma approaches the anode, due to the electrostatic
charging of the internal PF coils by the plasma itself (Figure 1.103 b). This finding dispels any
anode arc-anchoring effect, which was feared to occur in PROTO-SPHERA.
To reach the full plasma
centerpost current of 8.5 kA,
it is necessary to substitute
the top and bottom Stainless
Steel flanges, which host the
busbars – feeding the plasma
current to the anode and
drawing it from the cathode –
, with an insulating material,
such as Polycarbonate, in
order to avoid secondary
discharges above the anode
and below the cathode. This
substitution is due to another
magnetic X-point effect of
the experiment, i.e. the triple
X-point on top and bottom of
Figure 1.103 - PROTO-SPHERA plasma at 3.4 kA, b) Electrostatic fields
the machine (Figure 1.103 c).
(blue and red arrows) superposed to magnetic field (violet lines), c)
These X-points however are
Picture of triple X-point on top of anode
an
asset
of
PROTOSPHERA, which aims at exploring a fusion space thruster magnetic confinement
configuration: one of the triple X-points will act as the nozzle of the thruster.
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2. Extra Fusion Activities in FUSPHY
2.1 NIXT and X-Seta
In the framework of the NIXT Laboratory activity and on the base of the work carried out by
the laboratory team in the course of past years, a new method to distinguish and separate
different kind of black plastic wastes, for quality control and for recycling process, has been
developed.
This technology, based on an innovative scheme using soft X-rays, is simple, compact,
portable and suitable for a continuous flow processing and a patent has been granted during
this year.
Near-infrared spectroscopy analysis cannot be used because black plastics are not reflecting
and standard X-ray techniques are not effective because they are not sensitive to low-Z
materials. Then there is a gap in recognition of dark plastic and this method may fill this need
in the recognition of plastic.
The proposed technique includes also the X-ray fluorescence analysis.
The developed method allows also the recognition of the non-recyclable brominated plastics.
The innovative technique combines X-ray fluorescence spectra, generated by the sample, with
its selective absorption of an optimized set of X-ray lines. There are two most important
processes to be considered. SXR radiation is absorbed into the material through the
photoelectric effect by the core electrons of the elements of the material and the Compton
scattering at small angle: Compton scattering effect carries information about the polymeric
structure.
The experimental apparatus requires only an X-ray tube of low power working in the energy
range 2-25 kV and a commercial X-ray Silicon Drift Detector spectrometer.
The analysis of the acquired spectra, affected by the plastic sample, allows the recognition of
the most common types of plastics. This specific analysis of the X-ray spectra allows
removing a few degenerations, increasing the range of response and then the sensitivity of the
method. It works for plastic materials with thickness between 1 and 6 mm.

Figure 2.1 - Example of spectra of plastic sample: the fluorescence spectrum allows identifying the
components of doping

This new technique permits also to reveal the presence of mineral charges or fillers (calcium
carbonate, clay, fiber glass etc..), in general added to plastics to confer mechanical properties,
flame retardants (as Bromine, Antimony or phosphates), pigments (as titanium or Iron oxides)
or other additives (like Zinc as fluidizing) (Figure 2.1).

Nowadays a prototype has been realized and tested in collaboration with the BMCR S.r.l.
(Civitella di Romagna, FC, Italy).
During this collaboration an extensive characterization of the method and subsequent
realization of a prototype has been carried out. The characterization of the materials was made
to include a range of products specified by the company BMCR, after a market study. This
characterization has allowed the creation of a data file constituting the kit required for use of
the instrument.

2.2 Short-wavelenght Sources and Applications
2.2.1 Discharge Produced Plasma source of EUV radiation
Extreme Ultraviolet (EUV) radiation can be used to modify both the chemical structure of
many photoresists and some optical properties of various photonic materials. EUV sources are
also exploited for testing EUV components: detectors, optics, masks etc.
The ENEA Discharge Produced Plasma (DPP) EUV source wasdeveloped in the framework
of the collaboration between ENEA and the Physics Department of L’Aquila University
(2003–2008) [2.1]. In April 2010 it has been transferred to the ENEA Frascati Research
Centre, where it is operating since the end of the same year. In Figure 2 a picture of the DPP is
shown.
Numerous
and
important
modifications have been carried
out on the apparatus, which
greatly improved its performances
[2. 2 ], making the apparatus
suitable for applications in surface
treatments, photonic materials
processing, nanostructuring etc.
Briefly,
the
DPP
working
principle can be described as
follows:
low
pressure
(0.5−1.0 mbar) Xe gas, filling an
alumina tube, is pre–ionized
(20−30 A, 10−20µs); then, a low–
Figure 2.2 - The EUV DPP source operating at ENEA
inductance
50 nF
glycol
cylindrical capacitor, charged up to 20−25 kV, produces a discharge (11−12 kA peak current,
240 ns base duration) in the pre–ionized Xe gas; the resulting magnetic field (>1 T near the
alumina tube inner wall) pinches the plasma towards the tube axis; the plasma resistance rises,
thus the plasma temperature can increase up to 30−40 eV (3.5-4.5·105 K); the hot plasma
emits radiation before relaxing and cooling.
Presently, the DPP emits more than 30 mJ/sr/shot in the λ=10−20 nm wavelength spectral
range at 10 Hz repetition rate. The EUV pulses typical duration is about 100 ns FWHM, while
the optical EUV source transverse size is less than 300 µm.
The implemented DPP diagnostics and the source reliable performances allow the controlled
applications concerning direct EUV exposures of both photonic materials and innovative
photoresists with a minor damage from plasma debris bombardment [2.3,2.4]. For example,
the DPP has been utilized for the realization of the ENEA patented anti–counterfeiting tags.
Another important application is the EUV direct exposure of innovative materials in the
framework of a project funded by the CARIPLO Foundation (April 1st 2013, March 31st
2016), which involves ENEA and the Universities of Pavia and Padova. According to the

project plan, a large number of organic and inorganic photoresists, synthesized by the
academic partners, have been exposed to EUV doses in the range 15−500 mJ/cm2. These new
materials, characterized by particular optical and mechanical properties, could be used as nonsacrificial layers in lithographic fabrications, and have been also added with various chemical
innovative photoinitiators in order to improve their EUV sensitivity [2.5].
a
)

b)

Figure 2.3 - The dipole magnet placed in front of the source, the rectangular slit is visible between the
magnet poles; b) front view of the rotating structure, the pickup magnet is visible on the top

To test the sensitivity of all the cited materials, a huge number of DPP shots have been
performed (about one million). During 2015, the DPP EUV energy per pulse emission has
been increased by means of various modifications on the apparatus: the plasma column
longitudinal length has been extended from ≃8 mm to ≃12 mm; the electric insulation of the
alumina tube cooling system has been improved, making possible to charge the glycol
cylindrical capacitor, that feeds the main discharge, up to 25 kV; to favour the onset of the
discharge in the spark–gap that switches on the main discharge and to decrease its initial
impedance, a small capacitor (Murata, 40kV,570pF) has been connected in parallel to the
spark–gap. After the above mentioned modifications, the DPP EUV energy per pulse has
increased by more than 30%, reaching the already declared 30−35 mJ/sr.

The forthcoming step within the aforementioned project is the patterns generation on the most
sensitive photoresists at high spatial resolution. To this end, a contact EUV lithography
technique has been developed to reach an effective sub–micrometric resolution patterning. In
this technique, special EUV transmitting masks, made for us by CNR–IFN by depositing Au
patterns on a 100 nm thick Si3N4 membranes, are placed by a particular holder at few µm from
the samples to be patterned. The mask membrane, which transmits less than 30% of the
incident EUV radiation, is so fragile and delicate that it must be protected from plasma debris
bombardment. Thus, a debris mitigation system (DMS) has been set up, based on a twentyyears experience on a laser produced plasma source (EGERIA) installed in our Lab [2.6].
First of all, the DPP ground electrode has been re-made by using elkonite (Cu/W) to decrease
the debris emission and the HV electrode has been constructed by tantalum since tungsten
was not available. Further material tests are planned, including the insulating tube presently
made by alumina.
The DMS installed on the DPP is composed by two main elements: a permanent magnet
dipole placed at about 3 cm from the source to deflect ions; a 13cm in diameter rotating
structure (RS) having 31 radial vanes, properly placed between the source and the sample to
be patterned, to stop particulate debris. The radiation and the debris emitted by the plasma are
properly bottom limited at the optical axis level and horizontally selected by a rectangular
aperture (12 mm high and 5 mm wide). Both DMS elements are shown in Figure 2.3. The
magnet, having an average field ≃0.2 T along a longitudinal ion path of 5 cm, can vertically
deflect Xe ions with energies up to 10−20 keV in such a way to avoid their impact on the
small exposed samples (< 1×1 mm2). The RS, placed in front of the source at 11 cm from it,
with its axis parallel to the optical one, is positioned in such a way that EUV radiation can
reach the sample passing between two adjacent vanes thanks to a proper synchronisation
between the RS phase and the DPP triggering.

a)

b)

Figure 2.4 - a) RS pickup signal (red) and the corresponding trigger pulses (blue); b) DPP triggering block
scheme, D0-D3 represent tunable delay units

The sample is placed at about 17 cm from the source and 1cm above the optical axis. The RS,
already mentioned in an ENEA patent on DMSs, has a longitudinal length of 5 cm and rotates
up to 100 Hz. Its geometry and angular velocity determine the velocity spectrum of the
stopped debris. In order to get a signal from the RS capable to trigger the DPP, a specific
magnetic pickup has been constructed and placed close to the external vane edge. The RS is
made of a diamagnetic aluminium alloy, but the magnetic core of the pickup induces currents
in the passing vanes and the resulting modulated magnetic field induces a voltage in the 144
turns coil of the pickup. This signal, properly amplified and shaped, has been utilized to
trigger the DPP at the working repetition rate (5−10 Hz), selecting pulses by an inhibit unit. In
Figure 2.4 the pickup signal and its elaboration are reported (a), together with a block scheme
of the DPP triggering (b). Before the DMS implementation, a patterning mask got completely
broken just after few hundreds DPP shots, while more than 5000 shots are needed to perform

the planned patterning exposures. After the DMS started working, no more problem with
broken masks have been experimented. Anyway, further DMS tests and upgrades are
scheduled.

a)

b)
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Figure 2.5 - a) Luminescent patterns on a LiF crystal observed by an optical microscope in
fluorescence mode with a 100× objective; b) intensity profile along the yellow dashed line in a), the
indicated spatial resolution is comparable with the microscope one

As a reliability proof for both the DMS and the patterning setup, the DPP EUV source has
been successfully utilized for test patterns generation on a photonic material (lithium fluoride
crystal), as reported in Figure 2.5, and on a commercial PMMA photoresist. In order to
properly treat these samples, EUV doses up to 100 mJ/cm2 have been delivered, obtaining the
expected results: sub–micrometric resolution has been demonstrated and the DPP reliable
performances are confirmed.
In the first months of 2016 contact EUV lithography exposures will be performed on the
selected photoresists developed during the activities of the previously mentioned project
founded by Cariplo Foundation.
2.2.2 Optical systems for solar technologies
During the last years, our group has been involved in the field of solar technologies, in
particular in connection with Sun tracking and alignment of Concentrated Solar Power plants.
We developed both a simple but robust solar position algorithm and a compact, low-cost,
high-accuracy solar compass patented in 2012 [2.7, 2.8, 2.9, 2.10, 2.11] and shown in Figure
2.6.
In 2015, the activity in this field has been dedicated to the development of three solar
compass prototypes within the scientific cooperation with D.D. Costruzioni Meccaniche s.r.l.
The electronics of the compass has been developed inside ENEA and the technical drawing of
the compass box, designed by ENEA and shown in Figure 2.7, has been delivered to D.D. by
November 13th 2015. D.D. firm will construct the box within spring 2016.

Figure 2.6 - The ENEA solar compass
mounted on a theodolite

Figure 2.7 - Layout of the compass box

With respect to the previous prototypes, this version of the compass is stand-alone (sun sensor
and electronics are in a single box). It will be equipped with a three-axes digital inclinometer
and will work both as compass and as sun tracker for guiding the mirrors of thermodynamic
solar plants. The compass will be installed in the ENEA Casaccia parabolic trough by spring
2016 together with the new motion system made by D.D. s.r.l. (presently under assembling).

Figure 2.8 - Temporal evolution of the azimuth variation during various phases of the March 2015 eclipse. Red
circles: experimental deviation of the azimuth. Black and white images: photos of the Sun taken during the
eclipse

In 2015 we also tested the performance of the ENEA solar compass during the Sun eclipse
occurred on March 20th [2.12]. In such occasion, we could carefully control the obscuration of
the Sun due to the passage of the Moon and hence we could check the influence of the Sun
partial coverage on the compass measurement accuracy. During the eclipse, with the compass
pointing always towards the same direction, we measured the deviation of the azimuth from
the right value (obtained with a full Sun). Figure 2.8 shows the time evolution of the azimuth
variation during various phases of the eclipse. The absolute error was less than 6 arc minutes,
i.e. less than 0,1 degrees, in spite of a Sun obscuration up to 46%. This measurement
demonstrated that the accuracy of the ENEA solar compass holds better than other magnetic
or electronic compasses even when the Sun is partially covered, for example by a cloud.

The activity regarding the sun compass has been also dedicated to preliminary studies for a
prototype suitable for boats or other transportation means and for a prototype suitable for
solar power plants based on dish mirrors like that recently under study at the ENEA Casaccia
in the frame of the OMSOP European project.
These prototypes will be equipped
with an integrated IMU (Inertial
Measurement Unit) that will allow
operations even when the compass
is subject to oscillations (like, e.g.,
in a boat). Two new high precision
IMUs have been acquired and will
be tested in 2016.
In September 2015 the company
MAD s.r.l. of Roccasecca
(Frosinone) asked our group to
verify the orientation of the
Figure 2.9 - Photograph taken during the measurement of the
parabolic trough by using the
orientation of the MAD solar parabolic trough, done with the
ENEA solar compass, since the
ENEA solar compass
power delivered by the system
was significantly lower than expected. The measurement revealed an error of almost 0.5° on
the nominal South-North orientation. The MAD plant, during the azimuth measurements, is
shown in Figure 2.9.

2.3 Terahertz and mm-wave sources and applications
ENEA has a long term expertise in the construction of powerful short-pulse mm-wave and
Terahertz free electron sources. Various electron-wave interaction schemes were successfully
tested in the past, ranging from Cerenkov to Smith-Purcell radiators and to undulator devices.
A variety of applications of millimetre waves and THz radiation have been covered through
the years and have been carried continued through 2015.
2.3.1 Cultural Heritage applications: the THz-ARTE project
In the frame of the collaboration with the National Institute for Information and
Communications Technology (NICT-Tokyo) and CNR-IFAC (Florence), a three-year
bilateral Italy-Japan joint research project on cultural heritage conservation was selected and
funded by the Ministry of Foreign Affairs in July 2013.
The project THz-ARTE ("Terahertz Advanced
Research TEchniques for non-invasive analysis in
art conservation") is devoted to the application of
THz spectroscopy and reflective THz imaging as
new non-invasive analytical methodologies
applied to the investigation of artworks and other
objects relevant in art conservation. One of the
main objectives of the project is the construction
of a 3D mm-wave/THz scanner to perform phase
sensitive imaging measurements [2.13, 2.14] on
paintings, to obtain simultaneously topologic and
spectroscopic information and to detect subFigure 2.10 - 3D THz imaging scanner used on
superficial damages.
a real artwork

Due to the capability of the THz radiation of penetrating dielectric materials, a typical
application is related to the search for hidden paintings [2.13, 2.14] or drawings covered by a
superimposed layer and to the detection of damages (detachments) under the frescoes
surface. After the successful test of the first 3D scanning system in 2014 [2.15, 2.16], a new
device, specifically designed to perform measurements on mural paintings, has been realized
(Figure 2.10). The high speed motors used for the device allow the scanning of the whole
500x300 mm2 surface with 1 mm resolution in about 40 minutes.
The radiation source is a 97 GHz IMPATT diode, able to provide
up to 70 mW output power. Radiation is delivered toward the
sample with a WR10 standard waveguide. A directional coupler
is used to collect the reflected radiation injected back into the
waveguide. A Shottky diode with 200 V/W responsivity is then
used to detect the reflected signal.
Changing the distance from the sample, by means of one of the
remotely controlled motors, allows measuring the amplitude and
the phase of the reflected signal. A laser triangulation system is
mounted on the same head, to measure the real distance of the
probe head from the sample, in order to evaluate the phase
component associated with the topology of the sample surface.
Figure 2.11 - 3D THz
With such a correction it is possible to measure the phase imaging scanner used on a
variation associated with the reflection from the sample that can real artwork
provide information about the optical properties of the materials.
A second source (YIG) is available to be mounted on the
scanning device, with the ability of tuning the frequency from 18
to 40 GHz. Such an electronic tuning can be used to avoid the
mechanical scans to get the information phase from the
measurement.
After laboratory tests the device was used for a measurement on a
real artwork: a mural painting on “tavella”, depicting St. John
Baptist, by Alessandro Gherardini, a fine art Florentine painter of
the beginning of 1700 (Figure 2.11). The Museum of San Marco, in
Florence, kindly provided the painting; the measurements took
place at the Uffizi Museum Laboratories, in Florence (Ufficio e
Laboratorio Restauri della ex Soprintendenza Speciale per il
Patrimonio Storico, Artistico ed Etnoantropologico e per il Polo
Figure 2.12 - Scheme for the
Museale della città di Firenze).
measurement: the red curve
Due to the value of the artwork and the measurement technique,
is obtained interpolating the
that requires the probe head to move very close to the sample, a
experimental data with the
specific measurement procedure has been established, in order to
theoretical model based on a
simple diffraction model
avoid any contact between the probe and the painting. To fulfil
this requirement a new method of measurement and data analysis
was developed, avoiding to “follow” the surface shape moving the probe head in real time
during the measurement. Data on different planes, separated by a distance of 100 mm, were
acquired and combined to build a “data cube”.
The shape of the surface was recorded by means of the laser triangulation system. Combining
the data from this data cube with the surface shape and interpolating using a simple
diffraction-based model, that describes outcome from the reflection measurements, it is
possible obtaining a certain number of “virtual surfaces”, with a shape that reproduces the
shape of the sample, thus eliminating the phase error coming from a non-planar artwork

surface (Figure 2.12). Such a system allows obtaining these virtual surfaces also for distances
where there are no experimental point, very close to the sample surface.

Figure 2.13 - Visible image and THz image for d=0.5 mm (a) and d=1.4 mm (b)

Figure 2.14 - Layout of a measurement geometry to measure
the position of defects inside a sample

Data analysis (Figure 2.13) revealed
that there are structures hidden under
the sample surface. Having a look at
the amplitude of the signal
oscillation while changing the
distance from the sample it is
possible to have a qualitative
indication about how deep these
structures are inside the sample, but
the exact value of the depth cannot
be derived, since it is not possible to
perform a phase correction similar to
the one performed on the surface

shape, using the laser triangulation system.
In order to measure the exact depth of the refraction index discontinuity inside the sample it is
necessary to use a THz-TDS system, or to change the measurement geometry.
Impinging on the sample with angles smaller than 90° and collecting the reflected radiation
by means of a line array of THz detector, allows to convert the position of the defect inside
the sample into a position on the array, as depicted in Figure 2.14. A quick calculation confirms
that, choosing a setup that limits the beam waist to w0=3*l, it is possible to determine the
depth position of the discontinuity with a resolution of about 5 mm, comparable with the
wavelength of the radiation utilized for the measurements.
2.3.2 The GREAM project
The biological effects of THz radiation are currently arising a growing interest because of
their relevance in the medical, security, telecommunications and military areas. After the
pioneering proactive studies conducted in the frame of the THz-BRIDGE project in the years
2001- 2009 [2.17], several research groups have addressed various biological endpoints in a
wide range of frequencies worldwide to investigate the mechanism of interaction and the
presence of specific frequencies, which may induce a response on biological systems.
In the frame of collaboration between the Radiation Source Laboratory and the Army Medical
and Veterinary Research Centre - Rome, the Department of Science University of “Roma
Tre”, and the Department of Clinical Sciences and Translational Medicine - University of

Rome "Tor Vergata", the GREAM project was funded in the years 2013-15 by the Ministry of
Defense to evaluate potential genotoxic effects associated with the exposure of living cells "in
vitro" to high-frequency electromagnetic radiation, such as microwave and THz radiation.

Figure 2.15 - Time structure of the FEL pulses

The GREAM project employs the analysis of cytogenetic and molecular markers, indicators
oxidative stress, apoptosis and cell death assays, on two distinct human cellular models
(peripheral blood lymphocytes and human fibroblasts). Fibroblasts are particularly important
in this study since they are the most common cells of connective tissue in animals. Fibroblasts
synthesize the extracellular matrix and collagen and play a critical role in wound healing.
In vitro exposures of human foetal fibroblasts HFFF2 have been performed in a wide band
between 100 and 150 GHz using the ENEA Compact Free Electron Laser [2.18]. Due to the
specific characteristics of the electron accelerator driving the FEL, the radiation pulse is
composed by a “train” of micropulses, each 50 ps long, with 330 ps spacing between adjacent
micropulses, as sketched in Figure 2.15. The overall duration of the train (macropulse) is 4 µs.
Macropulses can be produced at a repetition rate that can be typically varied between 1 and 10
Hz. The peculiar temporal structure of the emitted radiation allows the investigation of the
effects of high peak power, while maintaining a low average power, typically few mW,
incident on the sample, thus avoiding heating effects. The FEL spectrum consists of several
emission lines, spaced at 3 GHz intervals corresponding to the period of the radio-frequency
driving the accelerator [2.19].
150 -- 100 GHz
For the irradiation of
fibroblasts the CompactFabry-Perot Interferogram
FEL has been operated in
I (a.u.)
the so called "widebandwidth" mode, with
the emission showing a
typical
relative
bandwidth of around
20% (Figure 2.16).
A
radiation
launching
device was designed and
built for such frequencies
in order to provide the
FP mirror gap
necessary expansion to
Figure 2.16 - Fabry-Peròt Interferogram of the Compact-FEL wide
irradiate from below the
bandwidth radiation (100 - 150 GHz)
5
cm
diameter
polystyrene Petri dish, containing a monolayer of fibroblasts cells (see Figure 2.17).
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Sham-exposed samples were placed on the same
working plate with the THz exposed samples.
During the irradiation experiments the
temperature of the sample was monitored by
means of an infrared camera FLIR A325.
Various biological endpoints have been addressed:
analysis of cytogenetic markers (Micronucleus
assay, Comet assay, Chromosome Non-disjunction,
telomere length), cell cycle kinetics, protein
expression and ultra-structural observations of cells.
In most of the assays no differences were observed
between the exposed samples and the control ones,
but a significant increase of micronuclei (MN) was
observed in irradiated samples, and the MN
induction indicated that THz radiation could induce
chromosome loss [2.20]. Ultra-structural analysis Figure 2.17 - Photo of the exposure set-up
also showed radiation-induced effects, but such an installed on the roof of the Compact-FEL,
evidence disappears in samples observed 48h after showing the light pipe output, the THz
System (TDS) and the Petri dish
irradiation, demonstrating that morphological Delivery
containing the biological sample
changes revealed immediately after exposure were
transitory.
In order to irradiate samples in the frequency
band 18-40 GHz, which is of potential interest in
telecommunications, a new CW exposure layout
has been set up. In this case a CW source was
used: a YIG oscillator, delivering 20 mW output
power in the frequency range between 18 and 40
GHz. The layout of the setup is sketched in Figure
2.18.
The mm-wave radiation is launched using a horn
antenna and the size of the beam naturally
expands by diffraction up to the 5.2 cm diameter
of the Petri dish.
Figure 2.18 - Layout of the 18-40 GHz exposure
set-up. 1) source; 2) transmission line; 3) horn
antenna; 4) Petri dish

The central emission frequency for irradiation
was chosen to be 25.28 GHz.
A picture of the experimental setup is visible
in Figure 2.19. A collecting horn and a detector
are placed over the sample to verify the
radiation transmission through the sample
Figure 2.19 - Layout of the 18-40 GHz exposure setitself.
up. 1) source; 2) transmission line; 3) horn antenna;
The system was set up in order to obtain a 4) Petri dish
radiation beam profile as uniform as possible
on the sample. The intensity profile of the THz beam at the sample position has been
measured by means of a point detector placed on an automated 2D scanning system.

As in the case of the 100 GHz irradiation, Various biological endpoints are being addressed:
analysis of cytogenetic markers (Micronucleus assay, Comet assay, Chromosome Nondisjunction, γ-H2AX quantification and Telomere length analysis). Here are reported the
preliminary results about Micronucleus assay and γ-H2AX quantification.
A conventional MN test was performed using the Cytokinesis Block Micronucleus (CBMN)
technique that permits the analysis of MN in binucleated (BN) cells [2.21]. In Table 2.1 the
results of the induction of MN in HFFF2 cells after exposure to MW radiation from two
independent scorers are reported. A significant increase of MN in irradiated cells compared to
control cells was observed for both scorer (χ2<0.01) with a mean of 11 MN in 1000 BN in
control samples and 21 MN in 1000 BN cells in the irradiated samples.
Table 2.1 - Micronuclei induction after MW treatment of HFFF2 cells
HFFF2
I Exp
Mean

(MN in 1000 BN)

(MN in 1000 BN)

Treated

χ2

1

11

19

p<0.01

2

11

23

p<0.01

11

21

p<0.01

Scorer

Control

To better understand if MW exposure is able to induce direct DNA damage onto HFFF2 cells
we have performed the immunofluorescence analysis of phosphorylated histone H2AX foci
30 min, 2 h and 24 h after treatment. No differences were observed between irradiated and
control cells at each time after exposure (p>0.05).
2.4 Optics and Quantum Mechanics: symmetry transformations, phase-space
representation, optical beams and relativistic wave functions
Cross applications between both classical and quantum mechanics and classical optics are
common. Wave optics and Wigner optics, for instance, are areas of classical optics, where
concepts and methods from quantum mechanics, like symmetry transformations and phasespace representation, have found a proper interpretation and wide applications.
Central to wave optics is the paraxial wave equation (PWE) [2.22], whereas central to Wigner
optics is the Wigner distribution function (WDF) [2.23]. Both are central to my research
activity [2.24, 2.25].
The PWE
!
𝑖𝑘! 𝜕! 𝜓 𝑥, 𝑦, 𝑧 = − !! [𝜕!! + 𝜕!! ]𝜓 𝑥, 𝑦, 𝑧 ,
(1)
describes the propagation of the slowly-varying complex amplitude 𝜓 𝑥, 𝑦, 𝑧 of a
monochromatic scalar light field 𝐸 𝑥, 𝑦, 𝑧 = 𝑒 !"(!! !!!! !) 𝜓 𝑥, 𝑦, 𝑧 in a homogeneous
medium of refractive index n in the close proximity of the z-axis, the main direction of field
!!
propagation. Here, 𝑘! = ! denotes the field wave number in vacuum, corresponding to the
!

frequency 𝜔! = 𝑘! 𝑐.
Interest in the PWE typically manifests in the search for new solutions, i.e. optical beams,
whose physical relevance is then determined by their features and implementability. Such an
issue can benefit from the formal analogy between Eq. (1) and other equations, as for instance
the heat equation and the Schrödinger equation, with symmetry transformations and specific
solutions, like Appell transformation and Airy wave packet, being transferred from them to
the PWE [2.24].
In fact, the note that the (1+1)D free-particle Schrödinger equation admits among its closedform solutions a wave function evolving from an Airy function [2.26], has found outstanding
applications in optics through the (finite-energy) Airy beams [2.27]. These are at the top of

the international research activity since their remarkable properties, i.e. the non-spreading
nature and the ability to freely self-bending during propagation and self-healing, make them
suitable for several applications such as optical micromanipulation, plasma guidance and light
bullet generation [2.28]. The production of Airy beams [2.27] has stimulated an intense and
very prolific activity of investigations of specific features of the behavior of such beams as
well as more in general of Airy-function related beam. In this connection, a new type of Airyfunction
related beams has been proposed in [2.29]. It results from the paraxial free-propagation of the
product of four Airy patterns, composed as to display a quadrangle-like shape:
A 𝑥, 𝑦 =

!
!

Ai

!!!
!!

+ 𝑐! Ai −

!!!
!!

+ 𝑐! Ai

!!!
!!

+ 𝑐! Ai

!!!
!!

+ 𝑐! ,

(2)

where Ai denotes the Airy function, 𝑤 a suitable transverse length scale and 𝑐! , 𝑗 = 1, . . ,4
real arbitrary constants.

Figure 2.20 - Contour plots of the squared amplitude of the A-generated wave function with 𝑐! = 𝑐! = 𝑎! and
𝑐! = 𝑐! = 𝑎′! in (a), (b) the plane
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= 1.5, respectively, and (c) in the plane

. The longitudinal coordinate z is scaled by the diffraction length 𝑧! = 𝑘𝑤 ! ; also, 𝑎! = −5.521

and 𝑎′! = −1.019 denote the third and first zero respectively of Ai and its derivative Ai′

The structure of the propagated pattern depends on the values of the 𝑐! ′s. Its peculiarity
suggests applications of the proposed beams for optical manipulation and guiding (Figure 2.20).
Wigner optics bridges between ray and wave optics. It offers the optical phase-space as the
proper ambience and the WDF as the tool to accommodate for the two opposite light
representations: the localized ray of geometric optics and the non-localized wave function of
wave optics.
In fact, the WDF is a basic tool for the hybrid, i.e., space/spatial frequency, representation of
optical signals. The "quantum-like" pairs of Fourier conjugate space/spatial-frequency
variables span the 4D wave-optical phase space, where light signals with the relevant
propagation “dynamics” are described by suitable phase-space distribution functions, among
which the WDF is definitely the most important one. It represents the wave-optical tool
closest to the geometric-optical concept of light ray, due to its localization properties and
dynamical behavior [2.25].
In particular, the formalism of the WDF has been elegantly applied to the Lorentz-Gauss
vortex beams in [2.30], following the interest of the scientific community in Lorentz beams
[2.31] and optical vortices [2.32]. The latter, carrying on orbital angular momentum, find

wide applications in optical micro-manipulation, quantum information processing and phase
contrast light microscopy [2.32].

Figure 2.21 - (𝜉, 𝜏)-contour plots of the squared amplitude of the relativistic wave functions, obtained as
solutions of Eq. (4) for (a), (b) the Gaussian input
(d) the square input
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The PWE is a primary example of evolution equation, involving a pure differential operator.
physical processes are well modelled by evolution equations of the same type as heat
conduction and non-relativistic quantum particle dynamics. However, many physical
processes are equally well modelled by evolution equations involving fractional or pseudodifferential operators. In this connection, work has been devoted to the study of the "(1+1)D
relativistic-like heat equation" [2.33]
Many

𝜕! φ 𝑥, 𝑡 = − 1 − 𝛼𝜕!! φ 𝑥, 𝑡
and the spinless (1+1)D free-particle Salpeter equation, i.e. the relativistic Schrödinger
equation [13],
𝑖ℏ𝜕! ϕ 𝑥, 𝑡 = 𝑚! 𝑐 ! − 𝑐 ! ℏ! 𝜕!! ϕ 𝑥, 𝑡

(3)

(4)

Here, 𝛼 plays the role as the thermal diffusivity, whereas 𝑚 denotes the particle rest mass, 𝑐
the speed of light in the vacuum, and ℏ the reduced Planck constant. The square root operator,
entering Eqs. (3) and (4), is a pseudo-differential operator, which then confers both equations
a non-local character.

The Salpeter equation (4) has been the object of a thesis work, carried out under my
supervision during an internship at ENEA recently concluded [2.34]. Although Eq. (4) is a
simple relativistic version of the Schrödinger equation, it has been the subject of a few
analyses unlike the other wave equations of relativistic quantum mechanics, i.e. Klein-Gordon
and Dirac equations. This is because of the mathematical complexity one faces due to the
aforementioned nonlocal nature of the equation. The recent literature is eventually revealing a
thoughtful interest in the Salpeter equation, due to both the recognized advantages it offers
with respect to the Klein-Gordon and Dirac equations and to the fact that it stems from the
Bethe-Salpeter equation by suitable simplifications and approximations.
In the thesis, several aspects of the matter have been examined: from the analysis of the
behaviour of the solutions of the equation (Figure 2.21), both numerically evaluated and
asymptotically approximated, to the detailed comparison with the behaviour of the
corresponding solutions of the Schrödinger equation in order to both highlight the differences
and to possibly understood how the latter "flow" in the former.
Finally, the subject and the character of the activity carried out as a part of the collaboration
with other ENEA research teams [2.35, 2.36, 2.37] is described elsewhere in the present
Report.

2.5 Fermi FEL Facility at The Elettra-Sincrotrone Trieste Laboratory
Elettra-Sincrotrone Trieste, a multidisciplinary international laboratory of excellence,
specialized in generating high quality synchrotron and free-electron laser light and applying it
in materials science. The main assets of this research centre are two advanced light sources,
the electron storage ring ELETTRA and the free-electron laser (FEL) FERMI, continuously
operated (h24) supplying light of the selected frequency and “quality” to more than 30
experimental stations.
FERMI is a unique light source in the world, a seeded FEL, producing photons from the VUV
to the soft X-rays with a high degree of coherence and spectral stability [2.38, 2.39]. ENEA
has a long term expertise in FEL physics [2.40] and partecipated to the construction and
operation of SPARC [2.41] and of other long wavelength FEL sources [2.42]. ENEA is
providing support to the FERMI free electron lasers (FELs) machine physics activity.
The development of FEL-1 is in progress since the first lasing in 2010 [2.38]. The FEL was
open to external users in December 2012 and it covers the photon energy range between 12
eV and 62 eV with high degree of longitudinal and transverse coherence, tunability, spectral
stability with pulses close to the Fourier limit [2.43, 2.44]. The availability of an synchronized
Ti:Sa laser with very low time jitter [2.45] and the polarization control [2.46, 2.47], are
among the distinguishing features that make this FEL extremely attractive to the scientific
community. FEL-1 is a high gain harmonic generation FEL, [2.48, 2.49, 2.50, 2.51, 2.38]
where the coherence properties of a (relatively) long-wavelength laser seed (typically 230-260
nm) are transferred to a much shorter-wavelength FEL output pulse. The upshift process
begins with the seed interacting with the electron beam in a short undulator (normally called
the “modulator”) to induce a temporally periodic energy modulation on the beam. The
electrons then immediately pass through a chromatic dispersion section that converts this
energy modulation into a current density modulation, whose fundamental wavelength is that
of the input seed laser but which also has significant harmonic content at shorter wavelengths.
The electron beam then enters a longer undulator named “final radiator” tuned such that the
resonant wavelength is identical to that of a specific higher harmonic of the seed laser. The
light at this upshifted frequency is then amplified and provided to the experimental stations.
Special user modes have been developed at FERMI to offer to the scientific community non-

standard operation of the FEL, either at wavelengths below the nominal spectral range1
(below 20 nm) or new pump-probe schemes with two FEL pulses produced by the same
electron beam [2.52, 2.53, 2.54]. These schemes are possible because of the flexible layout of
FEL-1 allowing the generation of pairs of FEL pulses with very high degree of coherence.
However, special user modes require careful optimization of all systems involved in the FEL
process and close collaboration between scientists and machine experts, in order to define the
best strategy to achieve the experiment goals. An example is an experiment of coherent
control, where the phase correlation of two FEL pulses of two different colours was
demonstrated. Light of wavelengths 63.0 and 31.5 nm ionized neon, and by manipulating this
phase the asymmetry of the photoelectron angular distribution we controlled with a temporal
resolution of only 3 as [2.55].
The EUV to soft X-rays photon energy range at FERMI is covered by the FEL-2 line (62 eV
to 310 eV). In order to efficiently seed the electron beam at low wavelengths, FEL-2 is indeed
based on a double stage cascaded HGHG scheme (see Fig. 1). An external laser seeds the 1st
stage that consists of a modulator (M1) and a two sections radiator (R1); the photon pulse
generated in the 1st stage seeds the 2nd stage, made by a second modulator (M2) and a six
sections radiator (R2). The magnetic chicane after the 1st stage (DL) delays the electron beam
with respect to the photon pulse, to shift the seed generated in the 1st stage onto fresh
electrons (see ref. xx for additional details). In other words, FEL-2 is a soft-xray FEL seeded
by a VUV FEL, with a similar structure of the one of FEL-1. First lasing of FEL-2 was
successfully
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R1

M2

DS2

ge
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Figure 2.22 - Layout of FERMI FEL-2. Legenda: Modulator of first stage (M1), First dispersive section (DS1),
first radiator (R1), delay line (DL), second modulator (M2) second dispersive section (DS2), second and final
radiator (R2

demonstrated in October 2012 at 14.4 nm [2.39]. The performances of FEL-2 were extended
to progressively lower wavelengths and optimized during further commissioning periods.
FEL-2 reached in September 2014 the expected energy per pulse of about 10 µJ at 4 nm
[2.56].
The operation of an FEL based on this double stage scheme is more critical than the one of sa
ingle stage scheme as FEL-1, and during 2015 a number of critical upgrades aimed at
improving the FEL-2 robustness, reliability and flexibility have been identified and the
actions to complete these upgrades have been started. The upgrades include an increase of the
linac energy, which increases the gain at the shortest wavelengths, the installation of an
additional undulator in the first stage (R1 in Figure 2.22 ) which reduces the demands in terms
of seed power, and an improved seed system. This includes the addition of a second
regenerative amplifier, sharing the same femtosecond oscillator with the existing amplifier,
will improve the quality of the laser pulse for seeding FEL-2, leading to an improvement of
1

Special optimization of the electron beam and the FEL parameters allowed generating coherent radiation
from FEL-1 at 12 nm, well below the nominal spectral range, to perform user experiments.

the FEL quality and flexibility. The new regenerative amplifier main features are a shorter
pulse duration in fixed wavelength (800 nm) mode, i.e. less than 50 fs FWHM, and a central
wavelength tunability within ±2%. The wavelength tunability allows a modest tuning of the
FEL resonant wavelength without the use of an OPA amplifier, and the shorter pulses allow to
use more efficiently the longidudinal distribution of the electron pulse.

2.6 Free Electron Laser at SPARC- 2015
2.6.1. Introduction
The Free Electron Laser (FEL) activity at SPARC is operating since about 15 years and is a
long term collaboration merging competences which have grown both at ENEA and INFN in
the field of accelerator Physics and FEL research and development.
FEL devices are, for many of their aspects, very well established devices, currently exploited
in applications. They cover a wide range of frequency interval and can be operated in either
Self Amplified Spontaneous Emission (SASE) or oscillator configurations.
The SPARC facility [2.57] has been conceived as a benchmark for testing new aspects of the
FEL physics as well as new operating configurations. It is located at the Frascati National
Laboratories and originates from a challenging R&D program on FEL physics driven by
ultra-brilliant electron beams generated by a photo injector, developed within ENEA and
INFN collaboration.
The facility consists of a 150 MeV high brightness electron beam injector [2.58], operating in
different configurations including also the velocity bunching configuration [2.59] and a 12
meters long undulator sequence.
The device has provided, during the last years, important contributions to the understanding
of the Physics of Free Electron Lasers and has paved the way to innovative scheme of
operation.
The most notable achievements have been the proof of non-linear harmonic generation, the
harmonic cascade, the seeding, the two colors experiment and the use of a segmented
undulator, which has allowed the possibility of simultaneous lasing at two different
harmonics.
Observations of FEL radiation in the SASE [2.60], Seeded [2.61] and High Harmonics
Generation (HHG) [2.62] modes have been performed from 800 nm down to 40 nm
wavelength
During the year 2015 the SPARC FEL activity was mainly devoted to confirm and analyze
the results obtained in two colors FEL and in the segmented undulator configurations and in a
preparatory phase for using electron bunches generated with Plasma Wake Field Acceleration
(PWFA) technique.
From 2015 ENEA has been involved in a Horizon 2020 European project entitled “Design
Study on the “European Plasma Research Accelerator with eXcellence In Applications“
(EuPRAXIA)
This project will produce a conceptual design report for the worldwide first 5 GeV plasmabased accelerator with industrial beam quality and user areas. The project is aimed at the
development of accelerator technology, laser systems and feedbacks for improving the quality
of plasma-accelerated beams. Two user areas will be developed for a novel Free Electron
Laser and High Energy Physics detector science.
Regarding the FEL the project aims at the design of “ultra-compact” FEL devices allowing a
significant reduction of both accelerator and undulator dimensions.
The experimental activity at SPARC LAB has produced a large number of publications in
high impact factor international journals and many presentations, part as invited talks, at
international conferences.

In particular, in 2015, there have been two publications and a third is being published; there
were two presentations to international conferences and an invited talk to a workshop. A
detailed list of publications is given below.
2.6.2. Two colors FEL
One of the most significant achievements of 2015 has been the simultaneous operation of the
laser on two different colors. Two FEL laser signals were indeed observed in both SASE
[2.63] and seeded [2.64] configurations.

Figure 2.23 - Fine tuning of the spectral distance of the two pulses by varying the energy difference of
the two electron bunches

Since the SPARC LINAC operates with a photocathode injector, the use of a multi-peaked
laser pulse allows the generation of a multibunch electron beam in a single accelerating phase.
A double-peaked electron energy spectrum is obtained by the laser comb technique in the
velocity bunching. The electron beam, constituted by two short and balanced bunches, is
extracted from the linac accelerating section near the maximum compression.
Arrival time and energy of the two bunches may be
controlled by properly tuning the temporal
separation at the gun, the phases of the RF-injector
and the phases of the accelerations sections (Figure
2.23). At maximum compression the two beamlets
are temporally superimposed in the longitudinal
phase space but split in energy.
The method allows a relatively large tuning range of
the time and frequency properties of the FEL
emission, suitable for a wide range of applications.
In particular, pump and probe experiments that
require an adjustable time delay between the two- Figure 2.24 - Electron phase space
color pump and probe pulses. The seeded two colors composed of two beamlets (a) and (b)
FEL experiment has been done using a single seed compared to the laser chirped
distribution (c)
pulse.
The seed-laser system consists of a Ti:sapphire
regenerative amplifier, driven by the same oscillator as the photocathode laser and it has been
set to deliver up to 450 µJ at λ0 = 800nm.

The seed is stretched to overlap the bimodal structure of the electrons. A small linear chirp
has been introduced to lengthen the seed pulse, ensuring superposition with both the electron
bunches and increasing the tolerance for the synchronization with the beam. Figure 2.24
sketches the superposition of the laser and electron phase spaces and it is evident the role of
the laser chirping, allowing an extended temporal and spectral crossing. In Figure 2.25 a
comparison between SASE e seeded operations.
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Figure 2.25 - Evidence of radiation stability in seeding configuration. On the left 100 SASE

Figure 6. Spectrometer measurement of the radiation stability. On the left 100 SASE measurements are presented, on the
measurements,
on the right the same amount in seeding regime
rightspectrometer
the same amount
for seeding configuration.

This new method produces high quality light signals that could be used in pump & probe

Fig. 6 shows the complete sequences of 100 shots measured with the spectrometer without (left) and with seed (right). In
experiments. The results have been presented at the Advances in X-ray Free-Electron Lasers
the SASE mode, only a fraction of 66% of the shots has a double peaked configuration, while the other ones have SASE
Conference
[2.65]
and, as
at the
workshop:
“Multicolor
FEL
or singleInstrumentation
spike structure. III
In the
seeded mode,
instead,
theinvited
doubletalk,
peaked
shots
are 99% of
the total and
the two pulses
pulses and coherent
on the wavelengths,
attosecond time
scale opening
newand
science
perspectives”
central wavelengths
are more control
stable. Central
wavelengths
difference
bandwidths
of the radiations are
[2.66].
A 2.
thorough analysis of the experiment has been published in [2.67] and has been
presented
in Table

accepted for publication in Phys. Rev. Accel. And Beams [2.68].

Table 2. Averaged values of FEL two color radiation (values in nm).

< operation
< 2>
< 1 - 2 > < bw1 > < bw2 >
1>
2.6.3. Segmented undulator
A segmented undulator
sections, arranged
SASE consists
790±10of two808±6
17±11 to have
9±3 the second
7.8±1 adjusted on a
harmonic of the first. Lasing occurs in the second part, due to bunching acquired in the first.
Seeded

792.5±1.5

806.6±1.8

15.1±1.2

Accel Undulator
modules

3.1±0.5

2.7±0.6

Kyma
Δ Undulator

Measurements done with the FROG system acquire both spectral and temporal profiles. However, the FROG technique
III the emissionIVwas marginally
V weaker VI
requires aLinac
radiation energy level largerI than 1uJ. In II
the SASE case,
with respect to
this value, and only few useful FROG traces were generated, not permitting a statistical analysis. In the seeded regime,
Transfer line
Fiber broadband
instead, 95 shots over
100 were amply Short
above
the threshold. Diagnostic
The comparison
chambers between the two cases allowed us to quote
quadrupoles
quadrupoles
Spectrometer
the seeded emission energy in the order of 10 uJ. An example of the FROG trace is shown in
Fig. 7. Since the radiation
is composed by two pulses spectrally and temporally separated, and coming from two electron beamlets propagating in
Figure with
2.26 -different
SPARC FEL
segmented the
undulator
layout pulses could enter the FROG camera with slightly different
the undulator
trajectories,
two emission
angles. The
FROG
traces
were
therefore
not
always
symmetric
with2.26
respect
to time.
this reason,
The segmented SPARC line configurationperfectly
is reported
in Figure
. Sections
areFor
provided
of the FROG
data were analyzed and selected also in symmetry by computing the cross correlation between the right and the left part
five undulator modules of the “old” chain, with 2.8 cm period, followed by a short period (1.4
of the raw trace. The mean separation in time is 290±70 fs, a value compatible with the temporal distance of 230 fs
cm) undulator, designed by ENEA SPARC group and realized by KYMA. The KYMA
between the centroid positions of the two beamlets averaged on the relative current distribution.

undulator has a quatrefoil structure, a high magnetic field homogeneity and focuses both in
vertical and radial directions.
410
410
The image of Figure 2.27 shows a real-time acquisition by the fiber spectrometer that has been
used for the direct detection of the light spectral intensity.
405405 :74
non in X-ray Free-Electron Lasers Instrumentation
The results
has" been presented at the Advances
III Conference [2.69].
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2.6.4. Single spike FEL pulses generated with
ultrashort electron beams
As preparatory phase of the LWFA/PWFA
experiments for the European project
EuPRAXIA, to be performed at SPARC_LAB,
electron beams of charge as low as 20pC and
rms lengths down to 20 fs have been produced
and measured.
After the transport in the undulator, single spike
red pulses were observed and detected in the
Figure 2.27 - Spectrum from Accel undulator
SPARC single-pass FEL. Accurate spectral
modules I-V (630nm) and from Kyma undulator
acquisitions of the radiation were cross checked
(315nm)
with the direct measurements of the length of the
electron beam, in order to control their mutual consistence. The undulator has been used in
the double role of radiation source and supplementary diagnostics for the characterization of
the electron beam. The experiment was performed in two shifts (referred to as (1) and (2)),
with similar parameters. The procedure started with the photo-generation of a sub-ps electron
beam, obtained by illuminating the cathode with a 200fs laser pulse at 266nm. A value of
about 20pC of charge was measured with a beam current monitor. The extracted electrons
were then propagated along the linac (three S-band cavities) and compressed by means of the
velocity bunching. At the maximum compression, corresponding to about 20 fs.
The phase space of case (1) is presented in Figure 2.28.
Ultrashort electron bunches has been
produced and measured their length. The
single spike FEL emission has been studied,
giving insight in the superradiant regime.
Spectral measurements permit to retrieve the
value of the electron length with an optimum
agreement. From the diagnostic point of view,
we tested the possibility to extend the
evaluation of the length of ultrashort electron
beams below the limit of rf deflector
resolution.
Figure 2.28 - Compressed trace space in the case of
The parameters of the electron beam in the
beam (1)
two cases are shown in Table 2.1.
Table 2.2 - Parameters of the electron beams (1) and (2) at the exit of the linac
Electron beam parameters
Charge (pC)
Energy (MeV )
Projected energy spread
(MeV )
Slice Energy Spread (M eV )
Emittance in x (mmmrad)
Emittance in y (mmmrad)

Beam (1) Beam (2)
20
22
114
111
< 0.087

< 0.077

< 0.05
0.68
1.14

< 0.05
0.82
0.76

All data has been shown sharp single spike spectra in nearly 100% of cases, confirming that
σz < 37 fs × c (see Figure 2.29).

Figure 2.29 - Acquisition from in vacuum spectrometer

The clean shape of the spectral lines demonstrates also that the FEL emission pulses have
been acquired at the end of the exponential amplification stage, before the onset of saturation
Figure 2.30.

Figure 2.30 - Comparison between spectra for case (1). Green curve (a): fiber spectrometer. Blue curve (b): in
vacuum spectrometer. Red curve (c): GENESIS 1.3 simulation

The results are going to be submitted to Physical Review Letters with the title: “Generation,
measure and FEL radiation of ultra-short electron beams”.
Other Publication 2015
F. Ciocci, G. Dattoli G and E. Sabia “Transverse Gradient Undulators and FEL operating
with large energy spread” Optics Communications, vol. 356, p. 582-588, ISSN: 0030-4018,
doi: 10.1016/j.optcom.2015.08.053 (2015)
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