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1997 was another year of intense activity for the ENEA Nuclear Fusion Division in the
evolving scenario of fusion research.

With respect to the International Thermonuclear Experimental Reactor (ITER), a major
review process has started, originated by the wide perception that the difficult financial
situation affecting some of the parties would make it very difficult, practically impossible,
to secure funding for the project as it stands. To scale down the size and cost of the
machine by reducing the technical objectives, while keeping to the programmatic goal of
constructing a demonstration reactor (DEMO) as the following step, appears achievable.

Progress in physics was substantial during 1997. Analysis of the huge existing database,
complemented by the latest results, has led to a better, more accurate scaling for the
confinement time on which to base extrapolation to ITER. Studies of the very promising
advanced regimes have been pursued on many tokamaks. The Frascati Tokamak Upgrade
(FTU) is well placed in this respect since it is equipped with the right tools, lower hybrid
and electron cyclotron radiofrequency heating and current drive systems, to explore the
new promised land of low heat transport from the plasma core. The main highlights of
FTU operation in 1997 were related to providing information relevant to these future
developments. Transient production of low transport regimes with electron temperatures
of 8-9 keV at the plasma center was obtained by taking advantage of the plasma skin effect
and precise electron cyclotron power deposition. High-efficiency current drive at high
density using lower hybrid waves was demonstrated. High-confinement pellet-enhanced
modes of operation and good ion Bernstein wave coupling through the waveguide-type
coupler were also achieved.

Concerning the IGNITOR experiment, funds were made available only for continuation of
the engineering design activities, and nothing has been released so far for manufacturing
the additional components.

In technology, 1997 was a year of full steaming ahead on the construction of the facilities
for remote handling and on all the tasks and contracts assigned to the Association for
ITER R&D projects and for the Long-Term Program. The contribution of ENEA and our
partners from the universities and industry to the EURATOM technology program has
become a very substantial part of the European effort. Under the Long-Term Program,
ENEA is collaborating on both the reactor-blanket concepts being developed in Europe:
the pebble bed helium-cooled and the lithium-lea.d water-cooled. The helium cooling test
loop at ENEA Brasimone will serve as one of the main test beds.

Advanced materials represent a crucial issue for the success of future fusion reactors. In
addition to studies on martensitic steels, work on silicium carbides has progressed very
satisfactorily. The development of engineering design methods and the manufacture of
homogeneous joints are two of the aspects being pursued.

Work for the International Fusion Materials Irradiation Facility (IFMIF) Conceptual
Design Activity (CDA) was completed and published in the Final Report. Complementary
activities conducted during 1997 to clarify specific design aspects will be completed in
1998.

As far as the ITER Engineering Design Activity (EDA) is concerned, ENEA participation
has covered a large number of issues. In the area of remote handling, three facilities are
nearing completion at Brasimone: the Divertor Test Platform (DTP), the Divertor
Refurbishment Platform (DRP), and the Blanket Test Facility (BTF). The DTP with
components supplied by German, Italian, Canadian, and Japanese industries is a fine
example of worldwide collaboration on fusion.



At the end of 1997 a new activity was set up to develop an in-vessel viewing system based
on an amplitude modulated optical radar, under contract to JET. The system will be
developed also for ITER.

In the areas of plasma-facing and in vessel components, ENEA, besides assuring the
computation of stray currents, forces, and stresses on all the different components by
means of a well integrated set of codes, is actively engaged in the design and manufacture
of divertor components. A satisfactory tungsten armor has been developed using plasma
spraying.

ENEA is also responsible for the design of the water-cooled breeding blanket concept for
ITER, and the Frascati Neutron Generator (1011 n/s at 14 MeV) has been intensively used
to validate shielding calculations on mockups.

Superconductivity is another area where the combination of research laboratories and
Italian industry has been particularly succesful. Dynamic tests on the 12-T niobium-tin
solenoid (first built with the wind-and-react procedure) were satisfactorily completed at
Frascati. The solenoid will be installed on SULTAN to test it at full static magnetic field.
ANSALDO and Europa Metalli (EM) have finished manufacturing the strands, cables and
conductors for the model coils of the ITER central solenoid (excellent collaboration
between ANSALDO and TOSHIBA) and toroidal field magnet.
The participation of universities, particularly the CREATE Consortium, in specific
computational areas of the fusion program has been extremely fruitful, so much so that
their work has attained worldwide recognition.

Research on inertial confinement in the framework of a European keep-in-touch activity
maintained ENEA's internationally acknowledged position of competence in the field.

The scenario that emerges from a review of the activities conducted in 1997 is of intense
successful work by our personnel, carried out with great dedication in active, friendly
collaboration and competition with our European colleagues and international partners.

Let us hope that some of the problems, already present in 1996 and aggravated during 1997
- retirement of experienced personnel and loss of their skills without any replacement, the
usual lack of incentives to reward commitment to work, and, lately, the debate on the
many souls and missions of our parent institution - be solved satisfactorily in the near
future before they have an adverse effect on the Italian fusion program, which remains,
despite everything, one of the best examples of how working in a European-wide scenario
can positively impact on our activities.

NEXT t»AdE(S)
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1.

1.1 INTRODUCTION
In 1997 the Frascati Tokamak Upgrade (FTU) experimental program was mostly devoted to energy transport in
enhanced confinement regimes, obtained either by producing reversed magnetic shear (RS) equilibria or by
pellet injection; lower hybrid current drive (LHCD) at high density; and ion Bernstein wave (IBW) heating.

During 1996 RS configurations were obtained by LHCD at low magnetic field (B=4T) by driving the current
off axis. In the 1997 experimental campaign, a different scenario for the formation of such a configuration was
investigated, namely, strong electron heating during the current ramp using the electron cyclotron resonance
heating (ECRH) system, in a joint experiment between the Consiglio Nazionale di Ricerca (CNR), the Istituto
di Fisica del Plasma (IFP) Milan, and ENEA. Such a scenario has already been shown to produce a RS
configuration in several tokamaks with dominant ion heating. The FTU results, characterized by dominant
electron heating, no central fueling, and no rotation (which make the experiment closer to a reactor situation),
led to the achievement of very high central electron temperature values (up to Te=9 keV) at moderately high
density values (ne~0.6xl020 nr3) with a limited amount of auxiliary heating power (=360 kW). These results
are consistent with a core electron confinement that does not show any appreciable sign of deterioration in spite
of the high temperature and steep temperature gradient and are very promising in view of the possible
application of low/reversed magnetic shear equilibria in a reactor.

A significant increase in energy confinement time was obtained by pellet injection in Ohmic discharges. The
multiple-pellet injector, developed by the RIS0 National Laboratory, Denmark, and installed on FTU, allows
deep pellet fueling, leading to strong peaking of the density profile. A factor of two increase (from 40 to 80 ms)
was obtained in quasi-steady-state conditions. The improved phase lasted a few energy confinement times,
limited by the onset of magnetohydrodynamic (MHD) activity.

Investigation of LHCD at ITER-relevant densities led to the achievement of full current drive conditions (360 kA)
at n=0.6xl020 nr3. Results obtained at higher density values, which, at the power level presently available on FTU,
correspond to partial current drive regimes, are consistent with current drive efficiencies of the order of

m2 W"1. Hence, the FTU results do not show any degradation in efficiency at high density.

Moving the vacuum window of the antenna closer to the plasma has allowed IBW coupling to be tested at the
maximum specific power envisaged for the FTU experiment. The results are consistent with the theoretical
expectations for coupling.

The experimental program will continue in 1998 with the main objective of using the ECRH system (to be
completed during the first half of 1998) to further investigate the high-performance scenarii obtained in
low/reversed magnetic shear equilibria.

1.2 EXPERIMENTAL RESULTS

1.2.1 High electron-temperature discharges in RS experiments

Transient RS configurations were achieved by freezing the current density profile during the Ohmic current
ramp-up phase by central ECRH. Owing to the high power density and the good confinement properties of the
plasma core, electron temperatures above 8 keV were obtained, which enhanced the skin effect, so the RS
configuration survived long enough to perform transport analysis.
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Fig. 1.1 - FTU shot #12799. a) Time evolution
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Fig. 1.2 - Evolution of electron temperature
profile with Bo=5.2 T (FTUshot #12799)
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Fig. 1.3 - Simulated q profile time evolution in
current-ramp experiments: a) 1=65 ms;
b) t=75 ms; c) t=95 ms; d) t=105 ms. ECRH
starts at 60 ms

Figure 1.1 shows the temporal evolution of a typical discharge: the
plasma current (Ip) was ramped at a high rate (5 MA/s) in order to
have a strong skin effect, and ECRH was applied between 55 and
155 ms. The toroidal magnetic field at the center of the vacuum
chamber was set at BQ=5.2 T to get the resonance close to the
magnetic axis (Rax=0.97 m). The central temperature initially
increased at a rate of 1400 keV/s, in agreement with the estimated
heating power density (12 MW/nP). The peak temperature
reached steady state in 25 ms. The evolution of the temperature
profile is shown in figure 1.2. According to resistive diffusion
calculations, the q profile was nonmonotonic for most of the
ECRH pulse (fig. 1.3). Uncertainties in the q profile are connected
with the resistivity model used (Spitzer or neoclassical) and with
Zeff values.

This numerical simulation is confirmed by observation of a
double tearing annular crash at t=99 ms, which can be explained
by the presence ofapairof q=2 resonances [1.1] and by the fact
that sawtooth activity begins after t=145 ms, i.e., just before the
end of the ECRH pulse.

Very high central electron temperatures, Te0~9 keV, were
measured by Thomson scattering in this phase (sawtooth-free)
of the discharge, as shown in figure 1.4.

In some of these discharges, at the end of the current ramp a further
increase of about 1 keV was observed in the central electron
temperature, connected with stabilization of a MHD mode that
stops its activity when a very flat q profile is established at the
plasma center. Such an increase can be attributed to improvement
in local electron confinement. Finally, lower hybrid (LH) power
was injected on the ECR heated plasma targets at the end of the
current ramp, with the aim of further sustaining the reversed shear
configuration; 200-400 kW of LH power was injected with
nii=l.55-2.4. Delays ranging between 30 and 100 ms were
observed for the onset of sawtooth activity. Usually, a sawtooth-
free discharge ends in a disruption. In the next campaign,
experiments will continue by optimizing the q profile, at LH
switch-on, with different values of dlp/dt and by using combined
LH spectra to optimize deposition and thereby avoid disruptions.

-0.3

Fig. 1.4 - Te profile during ECRH in current-ramp experiments:
a) t=42 ms; b) t=70 ms; c) t=119 ms. ECRH starts at 45 ms

[1.1] P. Buratti et al, Plasma Phys. Control. Fusion 39, B383 (1997)
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Fig. 1.5 - a) Integrated soft-x-ray profiles at the
first DTM crash and b) for the first DTM
crash involving the center: Bj=5.2 T,
he=102(> nr3, 4 = 0 J 5 MA, PLlrl.l MW

Experiments on RS during current flat top were also attempted
in order to obtain a stable reversed configuration on a plasma
suitable for central ECRH and study the transport properties of
the reversed region. The following plasma target [1.2] was
selected: magnetic field B=5.2 T, plasma current Ip=350 kA
(qa=7), line-averaged density f%=0.85-1.2xl020 nr3, and peak
electron temperature TeQ=1.3 keV. The toroidal field was
optimized for on-axis heating with the FTU 140-GHz ECRH
system, and the plasma parameters were chosen for off-axis
LH power deposition according to [1.3]. Upon injection of 1.1
MW of LH power, the sawtooth stabilized very rapidly, only
two or three sawteeth were detected after LH switch-on; then
-100 ms later, the first double tearing mode (DTM) crash
appeared, indicating that the stable reversed regime observed
in the B=4T case [1.4, 1.5] had not been achieved. Initially, the
crashes did not affect the plasma center, then their amplitude
progressively increased and the reconnections encompassed
the plasma center.

Figure 1.5 shows soft-x-ray profiles at the first crash and at
the first crash involving the center, for one typical discharge.

An inversion radius rs/a = 0.2-0.25 is inferred, which does not change appreciably for all the successive crashes.
This indicates that there is a more central deposition profile with respect to the lower qa, B=4T case [1.4,1.5],
in agreement with the qualitative theoretical considerations given in [1.3]. After the first crash involving the
center, an m=2, n=l mode develops and acts as a pre-postcursor for all the following crashes.

A density scan proved that this regime can be accessed only when the density is higher than 0.85xl020 nr3, while
at q(a)=5.5 the density was 0.7xl020 nr3. The plasma target at 5.2 T has to be improved by operating at a lower
q(a), hence making the off-axis deposition more pronounced. To attain this scenario, more LH power is required,
and this will be explored in the 1998 experimental campaign when all the installed power (~3 MW) is available.
The availability of all the LH launchers will also allow injection of a fraction of power at different nn, further
optimizing the power deposition. In addition, a slightly off-axis ECRH, by raising the pressure profile, could have
a stabilizing effect [1.6], thereby allowing the discharge to enter the stable MHD regime found at B=4T.

f

1.2.2 LHCD at high density

Lower hybrid current drive efficiency studies have been carried out with the FTU 8-GHz LH system [1.7] for line-
averaged plasma density 0.3<f\><l .3xlO20 nr3 and magnetic field 4<B-j-<7.1 T, at coupled LH power PLH-1 -7 MW.
This amount of power allows a fall current drive (CD) phase only for low-density regimes fig <0.6xl020 nr3, where
FTU shows a high impurity content due to its metallic first-wall material [1.8]: the average effective ion charge
Zeff,LH reaches values around 4 in the full LHCD phase, starting from an Ohmic value of Zeg-;oH~3' This, according
to Fisch's theory [1.9], negatively affects CD efficiency r)CD (TlcD=*LHXrfe X ^ P L H [1020 nr2xA/W], where ILH

is the LH driven current and R the tokamak major radius). The experimental V\QD value is close to 0.16, so T|QQ>0.2

can be estimated for clean plasma conditions [1.3].

At higher densities only partial CD is possible. Figure 1.6 gives an example of the time evolution of the main

[1.2] A.A. Tuccillo et al., Lower hybrid current drive in FTU high density shear reversed discharges, 12th APS Topical
Conf. on RF in Plasmas (Savannah 1997)
[1.3] E. Barbato etal , Proc. 24th EPS Conf. on Controlled Fusion and Plasma Physics (Berchtesgaden 1997) Vol. 3, 1161
[1.4] ENEA-Nuclear Fusion Division 1996 Progress Report
[1.5] F. Alladio et al., Proc. 6th Int. Conf. on Fusion Energy (IAEA 1996) Vol. 3, p. 283
[1.6] P. Buratti et al., Plasma Phys. Control. Fusion 39, B383 (1997)
[1.7] A.A Tuccillo et al., II Int. Workshop on Strong Microwaves in Plasmas, (Nizhny Novgorod, 1993), Vol. 1, p. 47
[1.8] M.L. Apicella et al., Nucl. Fusion 37, 381 (1997)
[1.9] N.J. Fisch, Rev. Mod. Phys. 59, 175 (1987)
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Fig. 1.6 - Temporal evolution of the main plasma
quantities during a partial CD phase at high density, a)
Line-averaged and peak density; b) coupled LH power;
c) loop voltage, maintained for 0.5 s at a level
corresponding to about 50% of driven current; d)
central electron temperature; e) average Zejf(note how
small the impurity influx is at this density); f) soft-x-ray
emission along a central chord
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Fig. 1.7 - Estimated CD efficiency after correction for the
increase in the bulk electron temperature and in Zejj during
the LH phase vs the accessibility parameter D\?\. Ray
penetration becomes marginal for D^j>0.08. Higher JVji_̂ .
values show progressively lower efficiencies. The highest
points show the highest temperatures

plasma quantities for ^=0.9x102^ nr3. Here, it is
estimated that the X\QD value (extrapolated for loop
voltage V| LH = 0) *s n o t significantly reduced, i.e., T[QD

remains =0.2 until the conditions for LH wave accessibility to the core plasma are fulfilled, i.e., up to ne=lxl020

m~3 at least, for toroidal magnetic field B j= 6 T. To investigate further the possible effects of density, the quantity
r\QD=A/h is considered:

rLH

Zeff+5

W

A.102Om-2
so that -tS- =

1
(1)

and A=l '-
V,1,OH

eff,OH

> Zeff,
(2)

LH

Here, the variation in the bulk conductivity a in the LH phase is taken into account (c ©= <T|''2>/Zeff, <Te> is
the volume-averaged electron temperature). Indeed, calculations show that in quasistationary discharges the
electric field is almost radially uniform and other effects, such as those due to internal inductance changes, are
negligible. Data of T\QD a r e plotted vs the difference DN||= N||cr-N||pj. in figure 1.7. N|jcr (approximately
proportional to n§-5/Bj) is the critical value of the parallel (to By) index of refraction Ny below which a LH plane
wave cannot penetrate into a region with given ne and B-p; N ^ is the peak value of the launched N^; and D^p is
a simple yet useful quantity. According to ray tracing calculations, for most of the actual FTU plasmas, LH wave
penetration inside about 2/3 of the minor radius becomes very marginal for D^y > 0, evaluated for ne= no and
B-J- equal to its central value B-po- In figure 1.7 different symbols refer to different B~p, and groups of points with
N||pk=1.32, 1.52, 1.82, 2.43 are indicated. The high-density points, with fig =lxlO20 nr3, are located at DNjj=-0.2
for the group with Njjp^l.82, and at Dj\jj|~0.14 for the group with Nup^l.52. The good degree of accessibility
for the former leads to T\Q£)~0.2, whereas the marginal accessibility for the latter spreads the T\QQ values down
to 0.1. In these conditions, the penetration of LH waves inside the plasma strongly depends on the details of the
radial profiles. The CD effects show great variability from shot to shot and even during a single LH pulse. In the
highly inaccessible region characterized by D^f* 0.2, a marked drop in T\QQ is observed. The precision of the
measurements does not permit identification of any clear trend with Bo, inside each N^^ group, but it can be
recognized that higher efficiencies are associated with higher <Te> values, as happens particularly for Bj=7.1 T.
This agrees with preliminary results obtained in FTU during combined LHCD+ECH (electron cyclotron heating)



injection [1.10]. Figure 1.7 also shows how the CD efficiency decreases with increasing
in many other tokamaks, even though it may have a different magnitude.

: this effect is found

As for impurity behavior during the LH phase, no operational limit has been met so far, even for the highest
(more than 10 kW/cm2), safely transmitted, power density at the grill mouth. The average Zeff value during the
LH pulse is similar to the Ohmic value at figS-lxlO20 nr3 (Zeff<1.5). For n^O^xlO20 nr 3 the increment AZeff

is ~ 1 , as pointed out above, and is mainly due to an increase in molybdenum concentration. An impurity
transport code based on ultraviolet and soft-x-ray spectroscopic data indicates that the increment is almost
radially uniform and predicts enhanced impurity diffusion.

In summary, LHCD efficiency in FTU does not decrease appreciably up to ng>l.lxl020 nr3: its value
(r\Qjy=0.2) is higher than quoted earlier for Alcator C [1.11] at similar densities (T|Qy=0.12 at B-p=10 T), but
smaller than in the Joint European Torus (JET) or the JAERI Tokamak Upgrade (JT-60U) at much lower
densities. In FTU good CD regimes at even higher densities are prevented mainly by a lack of LH-wave
accessibility to the plasma center, whereas the present low bulk temperatures limit TjCD to low values. The high
LH frequency and high B T prevent any interaction with the ions or occurrence of nonlinear phenomena such as
parametric decay instabilities, and minimize the effect of scattering from density fluctuations. No harmful
impurity influx takes place under these conditions.

1.2.3 Specific studies on ECRH

Electron cyclotron resonance heating experiments at fundamental resonance were carried out by injecting up to 360 kW
of microwave power at 140 GHz. The pulse length was 100 ms at maximum power and 300 ms at reduced power
(210 kW). A Gaussian beam, with radius 15 mm at the plasma edge, directed along a major radius on the midplane,
was launched from the low magnetic field side. The beam polarization is oriented to excite the ordinary electromagnetic
plasma mode, which gives strong and well localized absorption at the fundamental resonance (B=5 T).

The main aim of the experiments in 1997 was to probe the transport properties of plasma configurations with RS (i.e.,
with a nonmonotonic q profile), exploiting the narrow and well defined ECRH power deposition profile, as described
in section 1.2.1.

In this configuration the magnetic field was also varied in order to find the optimum heating conditions and
to check the effect of off-axis heating. At B0=5.4 T the profile shape changed significantly in the transient
(figure 1.8 to be compared with figure 1.2), while the final profile was only slightly broader owing to a
displacement of the magnetic axis, which ended up quite close to the resonance position. A further
displacement of the resonance (BQ=5.6 T) drastically changed
the evolution (fig. 1.9): hollow temperature profiles were
produced in the transient phase, while the steady-state profile
was fiat in the central region and had maximum gradient close to
the resonance position. These results indicate that, at least for
reversed shear configurations, the electron temperature profile
has an essentially diffusive response to the power deposition
profile, i.e., that neither a strong heat pinch nor profile resilience
mechanisms are present.

Electron heat diffusion %e was evaluated for discharges with
central heating (fig. 1.10). Uncertainties introduced by Ohmic-
power calculations and by radiative-loss (shaded area in
figure 1.10) measurements are reasonably low within one third of
the minor radius. In this region %e<0.3 m2/s, which is comparable
to the lowest value found in Ohmic discharges, although with
ECRH both temperature and heat flux are very high (Te=8 keV
andqe=0.15MW/m2).

1.2

Fig. 1.8 - Evolution of the electron temperature
profile with Bff-5.4 T (FTU shot #12658)

[1.10] V. Pericoli Ridolfmi et al., Proc 24th EPS Conf. on Controlled Fusion and Plasma Physics (Berchtesgaden 1997)
Vol3,p. 1157
[1.11] M. Porkolab et al., Phys. Rev. Lett. 53, 450 (1984)
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Fig. 1.9- Evolution of electron temperature profile
with B(j=5.6T (FTU shot #12952)

Fig. 1.10 - Radial profile of electron heat diffusion
for FTU shot #12658 at t= 96 ms
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Experiments on transport probing were performed at relatively low densities (fig >0.6xl020 nr3) in order to get
a large amount of power per particle. However, heating at much higher densities is possible with 140-GHz
ECRH at fundamental frequency, since the cutoff density for the O-mode is ne=2.4x 10^0 nr3.

Central ECRH up to the cutoff density was applied in order to gain information on electron-ion energy exchange
and ion heat transport; 350 kW of ECRH power were injected for 0.1 s during steady-state 700-kA discharges,
with resonance close to the magnetic axis.

Results of a density scan are shown in figure 1.11. The central electron temperature, averaged over a few
sawteeth, increases from 1.2 to 1.6 keV when the peak electron density is ne(0)=1.7xl020 nr3 (line-averaged
density i i^ l^x lO 2 0 nr3), i.e., at 70% the cutoff value. Residual central heating is still observed when the
central density is raised above cutoff for the O-mode, which can be explained by absorption of the X-mode
component generated after multiple wall reflections of the refracted O-mode beam.

2.2.4 Preliminary results of the IBW experiment

The coupling of ion Bernstein waves to the tokamak plasma by using a phased waveguide antenna is the main
purpose of the IBW experiment on FTU. The IBW coupling scheme via a slow-wave mode-conversion scenario
[1.12] is shown in figure 1.12. The antenna launches a slow electron plasma wave that mode-converts into the
lowest-order temperature ion Bernstein mode, near the LH resonant layer. This scenario is similar to that of the
early LH ion heating experiments [1.13]. Nevertheless, in the IBW scenario mode-conversion does not occur in
the plasma bulk but in the scrape-off plasma. The IBW propagates to the plasma core and is absorbed by plasma
particles near an ion-cyclotron harmonic layer. The high kinetic flux makes IBWs suitable for plasma enhanced
confinement and heating experiments [1.14].

The operating parameters of the FTU IBW experiment are summarized in table 1.1. The radiofrequency (rf)
system designed for the experiment is described in [1.15].
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Fig. 1.12 - Linear wave dispersion relation for the coupling scheme.
A slab geometry with x, y, z the radial, poloidal, and toroidal
directions, respectively, is considered. The wave propagates for
k\pj>0, where kx is the perpendicular refractive index and p[ is the
ion Larmor radius. Parameters of FTU hydrogen plasma: major
radius R=0.93 in; minor radius a=0.33 m; parallel refractive index
nz—5; toroidal magnetic field 8 T

The IBW-FTU waveguide antenna, made from
two, phased, stainless-steel waveguides, is
shown in figure 1.13. The internal surfaces of
the waveguides are coated with rough gold to
prevent multipactoring breakdown, which can
limit operation at high rf power [1.16].
Alumina vacuum-tight windows, built in
collaboration with the Princeton Plasma
Physics Laboratory, are located in section B
(fig. 13), about 1.5 m from the antenna mouth,
and separate the vacuum of the machine from
the pressurized section of the waveguide
antenna. The antenna is connected to the
coaxial rf power line by waveguide-to-coaxial-
line power adaptors. The vacuum level in the
waveguide is in the range 10"4—10"5 mbar. Two
layers (Oce= a)0, where (£>Q/2K is the operating
frequency, are found inside the volume of the
antenna, which could increase the probability
of breakdown. If the plasma current is higher
than about 1 MA, both layers move behind

t

[1.12] M. Ono, Proc. Heating in Toroidal Plasmas (Como 1980), Vol. 1, p. 593, Ed. Commission of the European
Communities (1981)
[1.13] T.H. Stix, Phys. Rev. Lett. IS, 878 (1965)
[1.14] O. Biglari, Proc. AIP Conf. on Radio Frequency Power in Plasmas (Charleston 1991) p. 376
[1.15] P. Papitto et al., Fusion Technology 1992, Eds C. Ferro, M. Gasparotto, H. Knoepfel, p. 608
[1.16] H. Derfler et al., Proc. Heating in Toroidal Plasmas (Roma 1984) Vol. II, p. 1261



Table 1.1 - Operating parameters of the FTU 1BW experiment

Toroidal magnetic field

Operating frequency

Total rf power

Number of waveguide antennas

4ficj layer located near the plasma center

7.8T on the axis

433 MHz

1.5 MW (present status 0.6 MW)

3 (present status 1)

Al

section B, where the vacuum is
located. In a preliminary setup of the
antenna, with the vacuum windows
located in section A, about 2.4 m
from the antenna mouth, the two
layers were inside the evacuated
region of the waveguides for
whatever operating conditions, and
only a few tens of kW could be
transmitted to the plasma because of
arcing inside the waveguides.

Fig. 1.13 - Waveguide antenna of the FTU IBW experiment

During the experiment, about 300
kW of rf power were coupled to the
plasma for a pulse duration of 250
ms, without any trips due to arcs in
the antenna. The amount of rf power
was only limited by the present
capability of the klystron. The rf
power density was about 1.3
kW/cm2, which corresponds to
theoretical expectations (fig. 1.14).
The value of the operating toroidal
magnetic field was varied in the
range 6-8 T so as to move the

position of the ion-cyclotron harmonic layer from the plasma periphery to the proximity of the plasma center,
to test scenarios significant both for plasma heating and for transport-barrier formation. To optimize antenna
coupling, the antenna position and the waveguide phasing were changed shot by shot. The plasma density at the
antenna-plasma interface was monitored by Langmuir probes located at the antenna mouth. As a result, for a
given waveguide phasing the rf power reflection coefficient depends mainly on the plasma density measured at
the antenna mouth. The best coupling, corresponding to a rf power reflection coefficient of 15-20%, is obtained
by operating with a plasma density of a few 10' 6 nr^ measured at the antenna mouth, and waveguide phasing
of about 40°. By increasing, for fixed phasing, the operating plasma density at the antenna mouth, the reflection
coefficient increases, reaching 50-60% for densities of about 1018 nr3, which corresponds to locating the
antenna mouth very near the layer of LH-IBW mode conversion. Also, for a fixed value of the operating plasma
density at the antenna mouth, the rf power reflection
coefficient increases to 50-60% by fixing the waveguide
phasing by about K radians.

Comparison with the results of the model developed for IBW
waveguide antenna coupling [1.17] is shown in figure 1.15.
Both the measured and the expected reflection coefficients
show a similar tendency to increase, mainly as the plasma
density increases at the antenna-plasma interface. Also, the
optimum coupling is found when operating at low values of
plasma density; no direct IBW coupling is found, as expected
from the model, by operating with plasma densities greater
than 10'^ m~3. Nevertheless, the value of the phase between
the two waveguides, which produced minimum rf power
reflection during the experiment, is different from the value of
180° expected from computation. The difference could be due
to the effect of the finite dimension of the plasma column
compared to the wavelength in the antenna-plasma coupling
region, which was not considered in the model.
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Fig. 1.14 - Radiofrec/uency power density obtained in
the plasma coupling performance of the waveguide
grill antennas used in the LH heating and CD
experiments (note that the Tore Supra and JET data
refer to multifunction antennas)

[1.17] R. Cesario, F. De Marco, O. Sauter, to appear in Nucl. Fusion
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However, the qualitative agreement between the trends of
the measured and expected antenna reflection coefficients
suggests that the slow electron plasma wave necessary for
mode-conversion into IBWs was launched during the
experiment.

In the last experimental campaign, operating with a
toroidal magnetic field of 7.8 T, the fourth hydrogen
cyclotron harmonic located near the plasma center,
plasma current 1 MA, and line-averaged plasma density
n <1020 m~3, an increase in the total stored energy was
observed during several hydrogen plasma shots. In
addition, neither impurity influx nor Zeff changed
significantly during the rf pulses. Ongoing data analysis
will tiy to explain the role of IBW coupling, propagation,
and power deposition in the FTU plasma.

2.2.5 Achievement of pellet-enhanced confinement in Ohmic discharges

A pneumatic multibarrel pellet injector [1.18] built at the RIS0 Laboratories is installed. It is capable of firing up
to eight pellets at a velocity of 1.5 km/s and with a mass of the order of 1020 D atoms. Masses and speeds are
measured by a rf cavity and two optical diodes. The ablation process, lasting about 100 jas, is monitored by an H a

detector collinear with the pellet flight path. Plasma electron density is measured by a 5-chord DCN interferometer
and a single, central-chord CC^/HeNe interferometer: during pellet injection, the former loses fringes, while the
latter is able to follow veiy fast phenomena. Comparison with the measurements of a 10-pulse Thomson scattering
system is needed in order to be able to reconstruct the density profiles in the postpellet phase. Results of electron
temperature profile measurements by an ECE Michelson interferometer and an ECE polychromator are in
agreement with the Thomson scattering diagnostics. Radiation losses are measured by a 16-channel bolometer
array, and the total radiated power is derived by assuming toroidal and poloidal symmetry when no marfe is
present. The average value of Zeff is derived from visible bremsstrahlung emission along a central chord.

The best performance has been obtained at q ^ 4.6. Figure 1.16 shows the case of a target plasma with current 680
kA, magnetic field 5.9T, line-averaged density 1.2xl020 nr3, central electron temperature 1.5 keV, and sawteeth. Pellet
ablation takes place mainly inside the q=2 surface and is extinguished beyond the q=l resonance, as shown by the drop
in H a emission [1.19] that defines the crossing of a rational surface (fig. 1.17). According to the density profiles

measured by Thomson scattering before and after pellet injection,
fast-particle inward diffusion takes place after the ablation process:
the central density rises to 2.6 times the initial value and decays with
a characteristic time of the order of 300 ms in the absence of any gas
puffing. On the contrary, 90% of the initial central electron
temperature is recovered in 100 ms. A magnetohydrodynamic
quiescent phase, lasting about 80 ms, follows injection of the first
pellet and is interrupted by sawtooth crashes occurring at a
repetition time of 30 to 40 ms (to be compared with the 5- to 10-ms
repetition time before pellet injection). After the second pellet, fast
m=l, n=l activity associated with a ±5-cm magnetic axis
displacement takes place, and no crashes are observed until an m=2
island develops and locks, inducing shrinking of the temperature
profile (fig. 1.18).

0.7 0.8 0.9

Time (s)

1.0

Fig. 1.16- Shot*! 1612, 680 kA, 6 T. Temporal
evolution after pellet injection. From the top:
line-averaged electron density, central electron
temperature, poloidal beta

The improved confinement phase starts with the first pellet and lasts
more than 200 ms: the central plasma pressure reaches 6.4xlO4 Pa
(pp=0.4), corresponding to a global energy confinement time of

[1.18] H. Sorensen et al, Fusion Technol. 1, 665 (1991)
[1.19] B. Pegourie, M.A. Dubois, Nucl. Fusion 30, 1575 (1990)
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Fig. 1.17 - Ha emission during the ablation process
and electron temperature profiles as measured by
Thomson scattering before and after pellet injection
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Fig. 1.18 - MHD activity following the second pellet. From
the top: safety factor profile; x-ray emissivity showing the
m=l magnetic axis displacement; Michelson Te profiles
shrunk by the growth of an m=2 island
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80 ms (fig. 1.19), which is about twice the typical value observed
in the saturated Ohmic regime.

Results of a local transport analysis are reported in figures
1.19 and 1.20. The transport code assumes Spitzer resistivity
and neoclassical ion transport multiplied by a constant
adjusted to reproduce the experimental neutron yield (fig.
1.19). In the postpellet phase, the ions appear to be purely
neoclassical, and both the ion and the electron conductivities
are reduced over a large portion of the profile with respect to
the prepellet phase. The observed electron conductivity falls
below the ion value in the central plasma while remaining
dominant outside.

In conclusion, extended, improved Ohmic performance sustained
by repetitive deep pellet injection has been obtained on FTU: the
observed confinement time of 80 ms is twice the typical value of
the saturated Ohmic regime. The improved performance lasts for
more than 200 ms and persists after injection of a second pellet
and seems to be due to good confinement of particles deposited
in the core region and to reduced ion thennal conductivity over
the whole discharge.

2,2.6 Measurement of the impurity radial
flux in the FTU plasma core

The L-shell emission spectra of Mo28 -Mo32+ are acquired
with a rotating crystal spectrometer at different impact
parameters, in the range 4-5.5 A. Using a detailed collisional-
radiative model developed at Lawrence Livennore National
Laboratory that incorporates ab initio atomic calculations
[1.20], it is possible to identify a reliable line transition for
each ion in each discharge, in spite of the low spectral
resolution. The 2p-3d lines for Mo32+, Mo31^ and Mo30+

were used.

[1.20] K.B. Fournier et al., Phys. Rev. E 53, 1 (1996)
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The experimental brightness of these lines was measured as
a function of the impact parameter. From the measurements
it was possible to get the radial density profile Nz(r) for the
three ions (Z=32, 31 and 30), using calculated atomic data
and experimental electron density and temperature profiles.
The total molybdenum central density was found to be
= l x l 0 u cm-3.

Figure 1.21a shows the ion density profiles obtained by the above
procedure. The corresponding curves in coronal equilibrium (i.e.,
calculated without any transport) and normalized to the measured
total central molybdenum density are shown in figure 1.21b for
comparison. The plasma transport effect is to move these impurity
ions outward towards larger radial values, thus broadening the
shape of the radial ion distribution. As a consequence, the ions
exist in a region (r >15 cm) not allowed by the coronal equilibrium
model. This effect is confirmed by the vacuum ultraviolet (VUV)
measurements of central charge states of lighter atoms such as
Fe22+, Ni24+ and of VUV lines from Mo31+, obtained with the
SPRED spectrometer.

The radial density N; of the impurity charge state "i" is given by
the continuity equation

(3)

In steady state the explicit time derivative is zero, and the divergence of the flux can be derived from a
knowledge of the source terms:

div(r;) = Ne • (N^Si . i + N i + Ia i + 1 - N ^ - NjSj) = f(r) (4)

where S and a represent the total ionization and recombination rates for each ion and are functions of the
local electron temperature Te(r), and Ne is the electron density. The total ionization rate coefficient S has a
contribution from direct ionization (DI) via the electron impact of an inner or valence shell electron, and
auto-ionization following electron impact excitation (EA) of an inner shell electron. The DI rate coefficients
are based on the formulas of Sampson et al. [1.21] and on relativistic calculations of subshell binding
energies [1.22]. The EA rate coefficients [1.23] are computed using ab inltio relativistic calculations of ion
level structure and transition probabilities [1.24]. The total recombination rate coefficient, a, includes the
rates of radiative recombination (RR) and dielectronic recombination (DR). The RR rate coefficients are
generated by a detailed balance of the photoionization cross sections of Solomon et al. [1.25] and a
contribution representing high lying orbitals (10<n<°o) based on Kramer's cross sections. The DR rate
coefficients [1.23] of the present work are computed using ab initio relativistic calculations of ion level
structure and transition probabilities.

The flux is derived from radial integration of the previous equation:

[1.21] D. Sampson, L. Golden, Astrophys. J. 170, 169 (1971); D. Moores, L. Golden, D. Sampson, J. Phys. B 13, 385
(1980); L. Golden et al., Appl. J. Supp!. 45, 603 (1981)
[1.22] M. Klapisch, Comput. Phys. Commun. 2, 269 (1971); M. Klapisch et al. , J. Opt. Soc. Am. 67, 148 (1977)
[1.23] K.B. Fournier et al., Phys. Rev. A 54, 3870 (1996)
[1.24] J. Oreg et al., Phys. Rev. A 44, 1741 (1991)
[1.25] E.B. Solomon, J.H. Hubble, J.H. Scofield, At. Data Nucl. Data Tables 38, 1 (1
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Fig. 1.22 - Mo^l+ ion flux showing the effect of
plasma transport

== jVf(rr)dr' (5)

The resulting flux F3[+ of Mo31 + in the range 0<r(cm)<20 is
plotted in figure 1.22; it represents the transport effect of the
plasma on this impurity ion.

The result of the present analysis is that the transport effect is
small in the central region of the plasma and very large in the
intermediate region, as expected. The transport effect on
impurity ions in the central region could be described by the
neoclassical model [1.26] within the experimental errors, but, in
the intermediate region of the plasma, it is more than one order
of magnitude greater than the neoclassical prediction.

3-,

2.2.7 Plasma-wall interaction

During the 1997 experimental campaign, several Ohmic discharges were dedicated to investigating the behavior
of the scrape-off layer (SOL) of FTU with the tungsten-zirconium-molybdenum (TZM) toroidal limiter.
Comparison with the poloidal limiter configuration was carried out using the same main plasma conditions.

The SOL parameters were measured by an array of reciprocating Langmuir probes extended over a large part
of the poloidal angle [1.27]. Electron temperatures Te(r) and densities ne(r) at the radius r were derived for each
probe by a complete fit of the I vs V characteristics, according to the model of Stangeby [1.28], with a repetition
frequency i>=500 Hz. Values of Te and ne at the last closed magnetic surface (LCMS) and the corresponding
decay lengths were calculated assuming an exponential trend across the SOL. The positions of the probes in the
SOL were measured by encoders applied on each set of probes, while the LCMS and the magnetic surfaces were
derived using equilibrium reconstruction.

To study the SOL plasma under the different limiter configurations, two discharges with similar main plasma
parameters were examined: plasma current Ip=0.5 MA, toroidal magnetic field B j = 6 T, line-averaged density
^=0.9x1020 rrr3, central electron temperature Te(0)=l .5 keV, total Ohmic power Pohm=0-7 MW, and Zcfj=2 as
derived from Spitzer's resistivity. The first discharge had three Inconel poloidal limiters inserted at radius

0.3 m, the first with 15 mushroom-shaped plates on the inboard
side of the vessel, the second with 7 mushrooms on the outboard
side, in the same toroidal position as the first, and the third the
same as the second but in the opposite toroidal position. The
second discharge had the TZM toroidal limiter.
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Fig. 1.23 - Electron temperature at the LCMS
vs connection length in poloidal and toroidal
Urn iter configurations

Comparison showed that in the TZM toroidal limiter
configuration the connection length was longer and more
poloidally uniform (18 m<Lcon<25 m instead of 4 m
<LC011<13 m) and the electron temperature at the LCMS was
higher (fig. 1.23). The poloidal nonuniformity of the electron
density (0.8xl019 rrr3<ne (LCMS)<3.2xlO19 nr3) (fig. 1.24) and
temperature (15 eV<Te(LCMS)<32 eV) was still present and
could be associated with the effect of gradients along the field
lines caused by plasma recycling near the toroidal limiter plates
and by the long connection lengths.

The experimentally observed dependence of the edge plasma
conditions on Lcon were confirmed by the results of the 2-D

[1.26] F.L. Hinton, R.D. Hazeltine, Rev. Mod. Phys. 48, 239 (1995)
[1.27] M. Leighebetal., J. Nucl. Mater. 241-243, 914(1997)
[1.28] P.C. Stangeby, J. Phys. D 15, 1007 (1982)
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Fig. 1,25 - 2-D EPIT simulation of electron density in the toroidal
limiter SOL with high recycling conditions

multifluid SOL code EPIT [1.29]. Both simulations and experiments show a change in the dependence of Te vs Lcon

[1.30] at shorter connection lengths. Calculations show how the poloidal dependence of the e-folding lengths
follows the recycling conditions near the limiter plates (fig. 1.25).

1.3 COLLABORATIONS WITH OTHER INSTITUTES

1.3.1 Geodesic curvature and energy confinement in JET

An official Task Agreement to study the influence of geodesic curvature on the plasma-energy confinement
time has been signed between the Joint European Torus (JET) U.K. and ENEA Frascati [1.31, 1.32].

It is well known that geodesic curvature [Kg=(B([/JBpB2)(3/9e)(B)] can play an important role in energy
transport and that its minimization could have several important consequences, a) Neoclassical transport is
strongly reduced, since with Ko=0 there is no drift across the magnetic surfaces, b) A large class of MHD
instabilities is stabilized, e.g., the ballooning modes, c) Magnetic inertia [1.33] 2q2=<B|>/<B2>)

>)] decreases with decreasing geodesic curvature, so the plasma can rotate more easily. In this

.3

j0
way it is possible to produce a larger radial electrical field Er for the same momentum input (e.g., co-injection
of neutral beam injection).

Without neglecting the first two hypotheses, work was concentrated mainly on the third in order to attempt to find
out if there was any correlation between magnetic inertia and the experimental confinement data of JET and DIII-D
(San Diego, U.S.).

Analysis of DIII-D experimental data by a Frascati team [1.34] showed good correlation between achievement
of the very high confinement (VH) mode and minimization of edge magnetic inertia. In addition, it was
observed in DIII-D that in reversed shear discharges and with an internal transport barrier, magnetic inertia
decreased strongly in the central part of the plasma. This is in agreement with the latest DIII-D data, which show
that to achieve a reliable internal transport barrier not only requires a reversed shear configuration, but also
sheared plasma rotation. Again, this point is in agreement with a reduction in plasma core magnetic inertia.

[1.29] R. Zagorski et al, Plasma Phys. 34, 466 (1994)
[1.30] V. Pericoli Ridolfini et al., J. Nucl. Mater. 220-222, 218 (1995)
[1.31] F. Alladio et al., 37th APS Meeting of Plasma Phys. (Louisville 1995), Bull. Am. Phys. Soc. 40, 1643
[1.32] F. Alladio et al., Proc 24th EPS Conf. on Controlled Fusion and Plasma Physics (Berchtesgaden 1997) Vol 21A,
part I, p. 33
[1.33] S.P. Hirshman, Nucl. Fusion 18, 917 (1978)
[1.34] F. Alladio, P. Micozzi, ENEA Report, RT/ERG/FUS/95/21, Frascati Research Center
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JET Mark I and Mark II data

A large database of experimental JET discharges [1.31] was
studied in order to achieve several targets. The first was that of
understanding what had to be done to minimize geodesic
curvature during standard operation on JET. Experimental data
confirmed what had been expected from equilibrium
simulations exploiting a large set of plasma parameters [1.35].
At the present JET aspect ratio (A-3.5), geodesic curvature has
a minimum for a triangularity 8-0.45, while it decreases
monotonously with increasing plasma elongation.

Two different databases of JET shots, using two different qg5

values (3.3<q95<3.5 and 4.4<q95<4.6), were selected to study
confinement behavior vs magnetic inertia. Figure 1.26 shows
the confinement enhancement Hg9 = ^E'/'i:ITER89 plotted against
the magnetic inertia parameter a [a=(<B2><R2>/<B2>)
(l+2q2)]. The two sets of experimental points were fitted by a
straight line. Starting from these observations, an equilibrium
configuration with the minimum achievable geodesic curvature
was devised, using the JET standard poloidal-turn connections.
This discharge (shot # 39708) was performed in a dedicated
experiment with the following parameters: Ip=2 MA, B-j-=2.58T,
5=0.41, k=l .91, (3p=0.8, q95=4.55, and low additional power
P]vjB[=7 MW. The discharge had high confinement enhancement
Hg9~2.6 (as shown in figure 1.26), in rough agreement with the
linear fit of the previous data.

JET Mark 0 and reversed shear data

In the Mark 0 configuration, JET can operate with a smaller aspect
ratio (A~2.8) than the present (A-3.5). Geodesic curvature
decreases monotonously with reduced aspect ratio [1.35]. This
theoretical consideration suggested analyzing Mark 0 data to find
out whether there was any correlation between geodesic curvature
and all the JET (Mark O-I-II) data. The Mark 0 data were selected
using the SAS database and taking the sets Transport 91' and 92'
with a preselection of discharges showing good confinement.

In addition, the criterion W/P<0.2 was used to select
quasistationary discharges, and only data with elongation
k>1.6 and Hg9>1.5 were analyzed in order to limit the number
of pulses. The results are summarized in figure 1.27. The H§9
factor is plotted vs the volume-averaged squared geodesic cur-
vature multiplied for the local major radius R elevated to the
second power: 4<K|R2> (the volume average refers only to the
external part of the plasma , i.e., for 0.6<p<0.95, where p is the
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Fig. 1.27 - JET database. Correlation between im-
proved confinment Hg9~T£//flTER89 an<^ norma-
lized squared geodesic curvature 4<Kj,R~>
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boundary (Mark 0) discharges (circles). Mark I-II
divertor discharges (open triangles). Reversed
shear experiments assuming q(0)~l (crosses.) or
q(0)> I (filled triangles). Expected range of values
for the proposed experiments (vertical lines)

normalized minor plasma radius). The Mark 0 data were obtained
at only two different plasma currents, Ip=l .0 MA and Ip=3.0 MA; at the lower current the discharges were mainly at
high poloidal beta (pp~2.5). The Mark I-II data were obtained at plasma currents varying between 1.5 MA and 3 MA.
As can be noted in the figure, both sets exhibit a linear dependence on geodesic curvature. However, the data of the
two "different machines" (JET with Mark 0 and JET with Mark I-II) do not overlap. Since geodesic curvature is a
topological property of a magnetic configuration, the correlation obtained could be an important key to understanding
the physics governing energy transport in tokamaks. Figure 1.27 also reports data corresponding to four different shots

[1.35] F. Alladio et al., Geodesic curvature minimization oftokamak configuration, IV Symp. on Plasma Dynamic Theoiy
and Application (Trieste 1995)



Fig. 1.28 - Plasma equilibrium for the discharge
designed for minimum geodesic curvature at ! „ - ! MA,
obtained using the MAXFEA code

R(m)
Fig, 1.29 - Plasma equilibrium with the minimum
geodesic curvature at Ip-2.8 MA, qg$ =3.4, and
BT= 2.7 T

in a reversed shear configuration. Two of the shots (#38480 and #38437) have small triangularity (5-0), and two
(#40554 and #40847) have higher triangularity (5-0.35). The points were analyzed using all the EFIT results: in
particular, a monotonous q profile was used, with a central q of the order of one. As expected, the more triangular
plasma has smaller geodesic curvature. For the same shots with the assumption of a slightly hollow q profile, although
only a small plasma volume has been changed into a q value, the volume-averaged geodesic curvature has changed
substantially. This could justify the observed onset of the internal transport barrier.

These results encouraged the design of a JET discharge in which geodesic curvature could be decreased as much as
possible, at different plasma currents. Figure 1.28 reports an equilibrium obtained with the MAXFEA code, at plasma
current Ip=l .0 MA and high poloidal beta ((3p~3.2). The idea is that the large Shafranov shift, present at high poloidal
beta, could reduce the internal geodesic curvature.

Figure 1.29 shows a possible plasma equilibrium, as simulated by MAXFEA, at higher plasma current L=2.8 MA,
with qg5=3.4 and Bj=2.7.

The configuration with Ip=l MA can be implemented using the standard connection of the JET poloidal coils,
so it can be tested at any time during plasma operations. To get elongated equilibrium at high plasma current,
the standard connection of the poloidal turns has to be changed.

Since the configuration is quite elongated (k~2.1), its vertical stability was studied using MAXFEA. The
expected growth rate was of the order of y~600 and should be largely within the present possibility of the
vertical stability control system.

If this experiment is carried out on JET, the geodesic curvature achieved will be of the order of that obtained in
DIII-D during the VH-mode shots. The result would therefore contribute to understanding the role of geodesic
curvature in plasma energy confinement; also, if the result is positive, it could constitute another important tool
for producing high-performance discharges during the next JET experiments.
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1.3.2 A general empirically based microinstability transport model

Calculations of the expected energy confinement in tokamaks, and in particular the expected fusion power from
ITER, can be carried out at various levels. The simplest level is to use a global energy balance, taking the
confinement time Tg from extrapolation or empirical scaling relations or from dimensionally similar scaling
studies. A more realistic step would be to use a 1-D transport model, which accounts for heating due to fusion

'•Mi



power and additional heating, losses due to radiation, and sources of particles and impurities including helium
ash and energy and particle transport. A semi-empirical approach to energy transport can be employed, in which
one chooses forms for the radial profiles of Xj and xe that are known to well reproduce experimental profiles.

In the framework of an international collaboration between ENEA Frascati and JET (Adolfo Taroni et al.), a
proposal was made for an energy transport model heuristically derived by proper evaluation of the radial
correlation length of the turbulent fields associated with the microinstability of the drift branch. It consists of a
combination of simple Bohm and gyro-Bohm scaling in which the Bohm term contains an explicit dependence
on magnetic shear, added to embody theoretical predictions that the Bohm contribution is drastically reduced
for low or inverted magnetic shear [1.36].

The thermal diffusion coefficient is written as x=DBF(p*, Ly,q,s), where F is a function of only dimensionless
parameters, DB(m2/s)=Te/16eB=Te(eV)/16B(T) is the Bohm diffusion coefficient, p*=ps/a and L^ = LT/a are,
respectively, the gyroradius and the characteristic length of the temperature profile, both normalized to the
minor radius of the plasma column a.

The thermal coefficients for electrons and ions are then assumed to be

DB -*-— " q f (s) + CCgB DgB - * (+Xneocl J (6)T q f (s) agB gB ,
L

T i /e " " L
T i /e

where the last term in brackets, containing the neoclassical ion thermal diffusion coefficient, is not included in
the expression for electrons. For the shear function f(s), the following expression has been chosen:
f(s)=s2/(l+|sp) if s>0, and f(s)=0 if s< 0. This choice respects the desired dependence of the radial correlation
length Lr°=0"'/2 in the moderate shear limit and makes the radial correlation length vanishing for s, which goes
to zero. If the shear profile is flat or even 'reversed', the Bohm term of the model thermal diffusion coefficient
is cut off, and the transport is made up purely of the gyro-Bohm type. Finally, OCg, expand ag B are numerical
coefficients used for calibration that have been tuned on a typical L-mode JET discharge and kept fixed to the
following values: oig =8.6xlO"3, ocB=3.5ag, agB=5.O7xl0-1.

The model was inserted in the transport code JETTO to compare its predictions with experimental results. To
better focus on the results of the thermal transport coefficient proposed, the ion and electron energy
conservation equations, together with the evolution of Faraday's equation, were solved, assuming neoclassical
resistivity and including the bootstrap current. Ohmic input, thermal exchange between electrons and ions, and
power losses via thermal diffusion were calculated self-consistently (convection losses were neglected). The
other quantities that enter the transport equations (e.g., profile density, Zeff, auxiliary power deposition,
radiation power, etc.) were prescribed according to the experimental database. Also the equilibrium quantities
necessary to solve the transport equations were assigned according to the experimentally reconstructed
equilibria. No sawtooth model was included in the simulations. The boundary conditions for the electron and
ion temperatures were imposed as equal to the experimental values. The total current as obtained from the
database was imposed as a boundary condition for Faraday's equation. The initial conditions for Te, T;, and q
profiles were taken from experimental data.

The model considerably improves the results obtained by a previous mixed Bohm-gyro-Bohm model without
shear dependence, in particular by predicting the thermal barrier effect in the presence of reversed magnetic
shear in the so-called hot-ion and pellet-enhanced performance (PEP) discharges in JET [1.37, 1.38].

A more systematic analysis of the proposed transport model was carried out using the ITER Profile Database. This set
of discharges represents as wide a range as possible of existing tokamaks and therefore provides an opportunity to
perform extensive and verifiable testing of transport models. From the database, a standard subset of discharges
relevant to ITER operation (i.e., L-mode and ELMy-H mode) and with the necessary variables available was defined.

[1.36] F. Romanelli, F. Zonca, Phys. Fluids B5, 4081 (1993)
[1.37] G. Vlad et al., A general empirically based microinstability transport model, accepted for publication in Nucl.
Fusion
[1.38] M. Marinucci et al., Proc. 24th EPS Conf. on Controlled Fusion and Plasma Physics (Berchtesgaden, 1997) Vol. 21a,
part III, p. 1037
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The model was tested on all the discharges of
this standard subset and produced quite
satisfactory results both for L- and for H-
mode discharges. In figure 1.30 the standard
deviation

(7)

c e3X)^\coNrn\ocoosrO^^O^oc^co^^r^c0^^coJnoc
d'OOoOCO O OOOCO—O-I ̂ f O\ 00 O\O\O\ <nM2 00 ̂ O C O —< CN d V) m f>- CA t-« C~- CO —<(N1^
V co m'—• oo oooo oo ococosowotn <nm in in i n o o o o o (N <nol r4 moo oo cooooooo

o —< —' r- r- r-- r-t-- r-~ t> —* —' e4O o o -^ ̂ J- TJ- in in in in in in mvo '-oooco oo oooooooo

HhhHhhiHfHHHHhH

for the ion (aTi) and electron (c-re)
temperature profiles is shown (where p m a x

is the maximum value of the normalized
radial coordinate used in the simulation).

Figure 1.31 shows the ratios between
simulated (Ws) and experimental (Wx)
total stored thermal energy for all the
discharges. It should be noted that since the
model does not contain a self-consistent
mechanism of "pedestal" generation
H-mode discharges, simulations were
performed up to pmax

=0.&.

The model was also used on a set of ITER
target density and current profiles for
which boundary conditions had been
prepared, in order to predict an ignited
range for the reactor.

Preliminary results indicate that the ITER
reference discharge, with a flat density
profile and a sawtooth repetition time of
50 s, ignites for ne=1.0xneGreenwakl and
T e ( a ) = T ; ( a ) > 5 . 0 k e V , or for

ne=1.5xne>Qreenwa|d and Te(a)=Tj(a)>2.5 keV (where ne,Greenwald~8-5x1019 is the Greenwald density limit at
the designed toroidal plasma current Ip=21 MA). Note that the presence of the sawtooth flattens the safety factor
profile in the central region of the plasma, reducing in turn the Bohm term in the model transport coefficients.
This feature is crucial to obtaining ignition, even without auxiliary heating.

t<ii,P

Fig. 1.30 - Standard deviation for ion (black) and electron (gray)
temperature profiles for a) L-mode and b) H-mode phases

2.3.3 Preliminary analysis of a global energy confinement database for JET
deuterium Ohmic plasma from 1994,1995, and 1996 campaigns

The global energy confinement for JET Ohmic plasma was examined in a paper [1.39] devoted to analysis of
the results obtained in the 1984 to 1992 campaigns, before introduction of the JET pumped divertor. The
analysis has now been extended to the Ohmic results from the experimental campaigns performed in 1994 and
1995, during the Mark I divertor operation, and from most of the 1996 campaign, after the divertor modification
to the Mark II configuration [1.40].

As in the previous work, the aim was to assess the global energy confinement behavior for standard JET Ohmic plasma.
A new Ohmic database was constructed by selecting a subset from the JET transport database, and a detailed analysis
was performed.

[1.39] G. Bracco, K. Thomsen, Nucl. Fusion 37, 759 (1997)
[1.40] G. Bracco, K.Thomsen, JET-R( 1997)1
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Fig. 1.32-JET Ohmic data from 1994-1996 cam-

A series of new selection criteria, not
discussed here but reported in [1.40], was
applied to create a database containing
reliable data. The new criteria are required
due to the changed situation of some of the
diagnostic systems involved in the global
energy confinement estimate. The database
consists of 80 time slices for limiter plasma
(from 71 different plasma pulses) and 299
time slices for diverted plasma (from 186
pulses). Figure 1.32 reports the global energy
confinement time for limiter and diverted
plasma vs density, at toroidal field B-f=2. T
and plasma current Ip=2 MA.

The analysis of the global energy
confinement can be summarized as
follows. The overall picture of the JET
Ohmic confinement as presented in the
previous paper [1.39] is confirmed. Due
to the typical operation scenarios in the
period analyzed, the database subset at
very low density is extremely poor, so the
linear Ohmic confinement regime cannot
be clearly identified. If the present results
are compared to the results obtained in the
1984-1992 campaigns, it can be
concluded that the reduction in plasma
volume, due to introduction of the
divertor, has reduced the value of the
confinement time by the same proportion.
The energy transport in the plasma seems
to have adapted to the reduction in plasma
volume, so the peak electron temperature
and the loop voltage have not been

changed either. Between the Mark I and Mark II divertor
configurations, no strong difference in global energy confinement
can be detected. It can be observed that the latter configuration
has apparently reduced the available density range, at least in the
part of the Mark II campaign completed by the end of November
1996. The dependence of global confinement on elongation k is
still unclear because it seems to be intercorrelated with the
plasma configuration and Zcff-

1.3A First pellet-injection experiments on START

A collaboration has been set up between the Culham Laboratories
U.K., the RFX Project (ENEA-CNR, Padua), and the ENEA
Frascati Laboratories to perform a pellet injection experiment on
the Spherical Tight Aspect Ratio Tokamak (START).

>r a) L-mode and b) H-mode phases

paigns: global energy confinement time vs vo-
lume-averaged density for plasma at 2 MA, 2.5 T

This device is characterized by a low aspect ratio (R/a~1.3-1.5,
R=G3 cm, a~24 cm) and strong plasma shaping, allowing for high
toroidal current (Ip=250 kA) at a low value of the toroidal

magnetic field (BTmax=0.3 T). Therefore, very high values of the volume-averaged total beta (up to <p>=33%)
can be obtained, showing the importance of such a new kind of configuration with regard to magnetically
confined plasmas for future thermonuclear reactors.



Deep particle refueling by frozen deuterium pellet injection was attempted for the first time in a spherical
tokamak. This type of fueling is commonly used on standard tokamak devices (such as FTU), where it shows a
capability to improve both the density limit and the global plasma energy confinement time TE in Ohmically
heated plasmas. Furthermore, pellet-injected tokamak discharges have been shown to be very good targets for
additional plasma heating, e.g., neutral beam injection (NBI) or ion cyclotron resonance heating (ICRH),
producing improved non-Ohmic confinement regimes such as the PEP mode on JET.

Pellet injection is particularly promising on a compact magnetic configuration, such as that of a low aspect ratio
tokamak. In fact, the relatively small plasma size of these devices (even in the case of reactor extrapolation)
could relax the pellet velocity requirements such as to obtain central pellet deposition. On the contrary, for
medium-high aspect ratio tokamak reactors such as ITER, standard pellet injector technology allows only for
shallow particle fueling, due to the huge size of the plasma column. Also, the high toroidal current density of
spherical tokamaks permits very high plasma densities to be sustained.

The pellet injector installed on START was built by the RIS0 National Laboratories (Denmark) and operated
successfully both on the Reversed Field Pinch ETA-BETA at Padua (1985-1987) and on FT at Frascati (1988-1989).
It is an injector in which frozen deuterium pellets are produced by extrusion: the maximum pellet speed is vp~500 m/s
and the pellet mass is of the order of 5x1019 particles. The pellet velocity is measured by optical detectors, and the
pellet mass is obtained from the signal of a microwave cavity.

Since the relatively low pellet velocity allows for a bent plastic guide tube, injection on START has been performed
by using a vertical port (fig. 1.33). In this way the pellets are injected from the high-field side, and some improvement
in refueling efficency is expected, according to the results obtained on the ASDEX-U tokamak. More conventional
low-field side injection by using a horizontal port is planned, with the aim of comparing its results with those of the
high-field side experimental campaign.

Pellets have been injected into Ohmically heated START discharges and into neutral beam heated plasma pulses. The
main difference observed concerns the flight path of the pellet through the plasma cross section: in Ohmic discharges
the pellet trajectory is almost straight, showing only a small poloidal deviation towards the magnetic axis; on the
contrary, injecting the pellet during the NBI pulse, a strong toroidal deviation is observed in the direction of the plasma
toroidal current (the beam is tangentially co-injected). This effect could be due either to a rocket effect of the
suprathermal ion upon the pellet ablation or to the factional force acting on the pellet through the plasma viscosity.
That the START plasma shows a strong toroidal rotation during NBI must be taken into account.

A remarkable characteristic of pellet injection during the NBI pulse is that in spite of the increased ablation due to
suprathermal ions the pellet is still
able to reach the plasma center,
thereby allowing deep refueling of
the discharge.

Figure 1.34 shows an image of the
pellet trajectory through the
plasma by the fast (40000
frame/sec) charge-coupled-diode
camera (CCD) that monitors the
START discharges. This camera
is particularly useful since it
allows the pellet velocity to be
checked independently of the
optical diode diagnostics.

Peaked density profiles were
obtained on START after pellet
injection. Figure 1.35 shows
comparison between the electron
temperature Te, electron density
ne, and electron pressure Pe

profiles in two very similar
Ohmic discharges with and
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Fig. 1.33 - Schematic of the START spherical tokamak
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the pellet trajectory is almost straight, showing only a small poloidal deviation towards the magnetic axis; on the
contrary, injecting the pellet during the NBI pulse, a strong toroidal deviation is observed in the direction of the plasma
toroidal current (the beam is tangentially co-injected). This effect could be due either to a rocket effect of the
suprathermal ion upon the pellet ablation or to the frictional force acting on the pellet through the plasma viscosity.
That the START plasma shows a strong toroidal rotation during NBI must be taken into account.

A remarkable characteristic of pellet injection during the NBI pulse is that in spite of the increased ablation due to
suprathermal ions the pellet is still
able to reach the plasma center,
thereby allowing deep refueling of
the discharge.

Figure 1.34 shows an image of the
pellet trajectory through the
plasma by the fast (40000
frame/sec) charge-coupled-diode
camera (CCD) that monitors the
START discharges. This camera
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allows the pellet velocity to be
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optical diode diagnostics.

Peaked density profiles were
obtained on START after pellet
injection. Figure 1.35 shows
comparison between the electron
temperature Te, electron density
ne, and electron pressure Pe

profiles in two very similar
Ohmic discharges with and

Meter

Midplane
(LFS)

Fig. 1.33 - Schematic of the START spherical tokamak



vi *> 7-/

•: .r

•• ' . v i'1"( "'!--"

300

*-" 100

6

S- 3

/̂ ig. 1.34 - F<zs7 CCD camera image of the pellet trajectory
through the plasma of START discharge #34919

without pellets, as measured by Thomson scattering
diagnostics. It can be observed that very high peak-
density values are obtained: ri = 5xlO20 m~3. Such
values of n are comparable to those typically measured
on FTU after pellet injection, even though the toroidal
magnetic field in START is twenty times less than
in FTU.
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Fig. 1.35 - Comparison of Thomson scattering data for
START Ohmic discharges #34906 (without pellet) and
#34912 (just after pellet). Radial profiles ofTe, ne, and Pe

The line-averaged electron density n is measured by a
HCN interferometer; the pellet ablation time is of the
order of 1 ms, while the plasma discharge in START typically lasts for 30 to 40 ms, so the density increase due
to the pellet can be observed as a continuous rise of the interferometer signal and not as a fast jump, as in the
case of long-pulse tokamak discharges.

Preliminary results of pellet injection with regard to plasma performance in START are quite notable: the density limit
is a factor of 1.5 above the Greenwald, and the energy confinement time Tj; is approximately doubled after injection,
both in Ohmic and in NBI heated discharges.

The pellet experimental campain is still in progress on the START machine. The final item is to raise the value
of the central beta by peaking the pressure profile: at the moment, the record central beta in START (and in
world tokamaks) is p ~ 65%, so it should be possible to approach (3 = 1 in the future.

1.3.5 Correlation analysis ofllO-GHz ECH modulation experiments on DIII-D

Perturbative analysis has long been recognized as a tool for studying energy deposition, absorption, and heat
propagation in plasmas [1.41]. The application of this technique to a perturbative heat wave induced by
modulated ECH allows increased measurement accuracy by using high localized ECH power [1.42].

Experiments on ECH power modulation have been carried out on DIH-D in order to investigate power
deposition, characterize the beam, and study electron thermal transport. ECH power deposition, beam
propagation, and plasma thermal diffusivity were investigated by using the cross correlation between the
transmitted ECH power signal and the electron temperature evolution.

The cross correlation (XCO) between two discrete temporal data records of size N is a statistical function ranging
from -1 to +1 and is evaluated as a function of the so-called time lag, indexed by L, using the formula [1.43]:

[1.41] N.J. Lopez Cardoso, Plasma Phys. 37, 799 (1995)
[1.42] R. Prater et al., Plasma Phys. Control. Fusion 35, A53 (1993)
[1.43] J.S. Bendat, A.G. Piersol, Measurement and analysis of random data, New York, Wiley 1966
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The ECH experiments on DIII-D were performed in second harmonic resonance [1.44], using the 110-GHz
GYCOM gyrotron, with peak power between 500 and 900 kW. The power was square-wave modulated at
frequencies between 50 and 300 Hz. A solid-state detector provided on-line monitoring of the forward injected
ECH power (PECH) used for the correlation measurements. The absolute level of the power was measured with
calorimetric techniques. The toroidal launching angle was fixed at 19° off perpendicular. The electron
temperature (Te) was measured by the 32-channel electron cyclotron emission (ECE) heterodyne system [1.45].
The channel frequency ranges from 83.5 to 113.5 GHz, with a 1-GHz step. The antenna is located 1.5 cm above
the equatorial plane, along a radial line of sight. To get the second harmonic resonance close to the plasma
center, a magnetic field B=2 T is required; in this configuration the ECE radiometer covers about 2/3 of the
plasma full radius.

The XCO between Te and PECH was evaluated during a flat-top phase of the ECH plasma. Figure 1.36 shows
a 3-D XCO plot and the corresponding contour section. The main peak in XCO can be interpretated as the
power deposition region, and the corresponding top-lag is explained in terms of the power-absorption
mechanism in the following. The 10-ms periodicity of the cross-correlation surface along the lag axis
corresponds to a 100-Hz modulation frequency.

Other interesting features of the information from this correlation analysis can be discussed with the help of
figure 1.37. The ECH beam enters the plasma body and following the approximate path in figure 1.37a crosses
the 110-GHz second harmonic resonance, in a radial position that depends on the poloidal launching angle. The
temperature variation is detected on the magnetic surface on which lie the resonance point and the heterodyne
antenna line of sight. In this way the XCO surface shape in figure 1.37b can be interpretated as a second
harmonic first-pass absorption, located at B=1.96 T (vertical line in 1.37a), which determines good cross
correlation between the ECH power and the electron temperature variation detected at the corresponding major
radius of 2.2 m. The position of the second relative maximum of XCO is not compatible with a second-pass
ECH absorption, as shown in figures 1.37a and b. The second maximum could be due to absorption of some
residual power from a partial polarization scramble in the original beam. In this case the reduced XCO level of
the second maximum should be due to the reduced ECH power, which enhances the effects of external noise.
Bearing in mind that ECH energy is distributed along the magnetic surfaces and travels across the plasma, the
second maximum can also be explained as a convergence effect, i.e., an accumulation of the heat from the two
centrally symmetric parts of the resonant surface.
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Fig. 1.36 - a) Example of a 3-D cross correlation (shot # 93435) with ECH modulation frequency 100 Hz. The ECE frequency
ranges from 83.5 GHz (n-1) to 113.5 GHz (n=32). The maximum of XCO is obtained for a 2-ms top-lag. b) Contour plot

[1.44] J. Lohr et al., Proc. of 10th Joint Workshop on Electron Cyclotron Emission and Electron Cyclotron Resonance
Heating, (Ameland 1997) ed. by T. Donne and T. Verhoeven, World Scientific, Singapore p. 427
[1.45] Z. Wang et al., Proc. 9th Joint Workshop on Electron Cyclotron Emission and Electron Cyclotron Resonance
Heating (Borrego Springs 1995); ed. by J. Lohr, World Scientific, Singapore, p. 427
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The XCO surface can also help in studying heat transport:
figure 1.37b shows that the relative maximum, i.e., the
wavefront of the temperature perturbation, propagates from
the deposition region toward the innermost and outermost
plasma radii; a phase velocity of this propagation can then be
obtained from the corresponding lags.

Figure 1.37c shows that due to the off-axis coupling of the
ECH beam and the plasma, the maximum in XCO docs not
correspond to the maximum in electron temperature.

As reported in figure 1.38, the measured top-lag vs
modulation frequency is in reasonable agreement with the
l/4fm0lj delay provided by a simple heat absorption model
[1.46]. This means that even with a square-wave modulation
spectrum, containing all the odd harmonics, plasma coupling
occurs mainly via the first harmonic component.

50 100 150 200 250

mod

350

Fig. 1.38 - Top-lag vs modulation frequency. The

expected sinusoidal lag= I/4fnol{ is shown for

comparison

[1.46] J.V. Beck et al.. Heal conduction using Green's functions, Hemisphere Pub. Co. (London 1992)



The temporal localization of the top-lag should be constant in the
region absorbing the ECH power simultaneously, i.e., the deposition
region, while the absolute level of XCO depends on the amount of
deposited energy (since the value of XCO is determined by the
incoming signal levels). This means that the top-lag radial profile of
XCO carries some information on the deposition profile. In fact, at
any point of this region the heating power comes both from direct
deposition and from the energy flowing from the closest points.
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Fig. 1.39 - Shot #92733: cross correlation
radial profile for different time-lag values

Figure 1.39 shows the radial profile of XCO, obtained for
different values of the lag. The XCO reaches the maximum at
the top-lag then, as the lag increases, a hole appears in the
XCO profile in the central part of the relative maximum, i.e.,
in the deposition region. This effect can be interpretated as
an energy depletion of this region, due to thermal transport. In the most peripheral region of the
deposition, the XCO value decreases slowly due to the contribution of the transported energy.

With a more accurate modeling of ECH perturbation propagation inside the plasma, cross correlation should
provide a quantitative mapping of the power deposition profile and more accurate information on plasma
transport parameters and other important features, such as a transport barrier location.

1.3.6 Infrared, high temporal resolution, thermal measurements on TEXTOR-94

Thermal load measurements with high temporal and spatial resolution are a crucial issue in collecting data for the
design of next-generation fusion machines and in understanding edge transport mechanisms during fast plasma events.

These measurements are also essential for discharges with high fractions of edge radiation, such as those at
TEXTOR-94 [1.47] where a new high-confinement regime at high density, with strong, seeded edge-radiation
impurity (radiative I-mode) [1.48], has been obtained. The radiative I-mode (Rl-mode) is of particular interest since
it combines the characteristics of good global confinement and low convective power flux densities on the limiter
because of the large fraction of input power spread over the whole vacuum wall by radiation.

On TEXTOR-94 several measurements were performed during 1) a dedicated campaign on disruptions [1.49]; 2) shots
with and without Rl-mode [1.50]; 3) shots with all the Ip-Bt combinations, in order to understand edge transport. Due
to the very high sensitivity of the diagnostic, the effect on the limiter of core plasma sawtooth activity was measured
for the first time. The diagnostic was also used as a high temporal and spatial resolution bolometer viewing the 1-mtn-
thick wall. In this way, a full energy balance was successfully performed, measuring simultaneously the limiter and
liner surface temperatures with the same diagnostic. Data are currently under evaluation. In the following,
measurements made during shots with and without Rl-mode are reported and the energy balance is described.

Experimental apparatus

A new infrared (IR) system [1.51] has been installed on the TEXTOR-94 machine in the framework of a
collaboration between ENEA Frascati and Forschungszentrum Jiilich (KFAIPP). The system is based on a 2-D
indium antimonide (InSb) detector array with 128x128 pixels cooled at liquid nitrogen temperature, which can
be read up to 1000 frames/s. As many as 512 full-frame images can be acquired, stored in a fast cache memory,
and than downloaded to a PC hard disk for image analysis. The sensitivity of the camera can be changed in real
time using a custom algorithm [1.52], but for TEXTOR-94 the starting temperature of the limiter is around
350°C and the maximum increase of the order of 500°C, so this option is not needed. To successfully withstand

[1.47] A.M. Messiaen et al., Nucl. Fusion 36, 39 (1996)
[1.48] A. M. Messiaen et al., Phys. Plasmas 4, 1690 (1997)
[ i .49] ML Ciotti et al., Thermal pattern measurements during disruptions on TEXTOR-94, to appear in Proc. PSI conference
[1.50] M. Ciotti et al., Infrared high temporal resolution thermal measurements on TEXTOR-94, to appear in J. Nucl. Mat.
[1.51] M. Ciotti et al., Rev. Sci. Instrum., 68, n. 1, part 1, 971 (1/1997)
[1.52] M. Ciotti et al., Elettro-ottica 96 (Milano 1996), p. 251



the whole temperature increase without changing any parameter, it is sufficient to equip the camera with an ad
hoc filter (4.74 to 4.95 |i.m).

TEXTOR-94 has a toroidal belt pump-limiter [1.53] (ALT-II) positioned outboard at 45° below midplane; the
major radius is 1.75 m; the minor, 0.46 m. The ALT-II limiter consists of eight blades covered with two rows
of graphite tiles of up to 0.02-m thickness; the last closed flux surface is intersected in the central line of the
blades. One of the blades is imaged to the IR camera via an imaging and a field lens, both made of CaF?. The
spatial resolution of the images is of the order of 0.007 m, which is a considerable improvement on the IR
scanners used previously in the same location [1.54].

3-,

Experimental observations and discussion

Figure 1.40 shows an IR image of the TEXTOR-94 limiter, including a full blade, part of the wall (around 2 m2),
and a portion of the retracted bottom poloidal limiter. The image definition allows a clear view of each tile and
of the holes in them where the tightening screws are located. The tiles at the corner of the blade are much more
heated because of the 0.12-m gap between neighbouring blades. The power deposition inhomogeneity caused
by magnetic ripple is well resolved.

The temperature increase with and without argon injection was compared, for shots with the same plasma
parameters (fig. 1.41). The diamagnetic energy remains roughly constant after transition into the Rl-mode due to
feedback acting on the ICRH input power.
The temporal evolution of the surface
temperature for the area marked on figure
1.40 is shown in figure 1.41e. At 1 s the tile
surface temperature starts to increase more
steeply due to the onset of NBI. From 1.5 s
on, the temperature drops and increases
later at a reduced slope. The decrease is
caused by the argon injection.

The heat flux averaged over the whole
blade is calculated using a 2-D finite-
elements program: it is enhanced to

A - - : - -

•?•'•'•

£ . J

0 1

Fig. 1.40-IR camera image of the TEXTOR-94
limiter. The temperature evolution averaged over
the marked areas is reported in figure 1.41 e

2 3 4 5 6

Time (s)

Fig. 1.41 - Comparison oj shots #70288 (w/o argon injection) and
#70289 (with argon), a) Plasma diamagnetic energy, b) H-mode
enhancement factor with respect to the 1TER 93 scaling, c) y factor,
defined as the ratio between radiated and input power, d) Particle
confinement time, e) Temperature evolution for the areas marked in fig.
1.40; the temperature has been averaged over these areas (10x10
pixels) to obtain a more representative behavior, f) Impinging flux as
calculated by a 2-D finite-elements heat conduction code

[1.53] B.L. Newberry et al., ALT 11 armor tile design for upgraded TEXTOR operation, ISFNT-3 (Los Angeles 1994)
[1.54] K.H. Finkcn ct al., J. Nucl. Mat. 162-164, 655 (1989)



500 kW/m2 in the NBI phase and reduced to 250 kW/m2 during
the edge cooling phase, as can be seen in figure 1.4If.

The image obtained at time t=0 was subtracted from the images
obtained at t=3.5 s for both shots, to take into account the
different starting temperatures of the two shots. These images
were subtracted again one from the other. In figure 1.42 showing
the results, the differences between the heating patterns are
evident. The surface temperature reduction is more marked in
the more loaded areas, such as the side of the short blade, the
central area (due to the bump), and the leading edge.

The peaking factor for the two shots, defined as ATmax/<AT>, is
reduced from 7 to 4, and the average surface temperature
reduction on the whole limiter is a factor of 2.

By extrapolating the average flux impinging onto one blade to all the

8 blades, it is possible to calculate that 50% of the input energy is Fig 142. Differences in the heating patterns for
collected by the limiter. The time integral of the radiated power shots with andw/oArinjection at time35s

signal as measured with the machine bolometric system was
corrected for the ratio of the liner minus limiter surface to the liner surface to take into account the fact that the radiation
on the limiter had already been measured by the camera and hence ensure that 100% of the input power be detected.

2.3.7 Existence of discrete modes in an unstable shear Alfven continuous spectrum

The work described in the following is being carried out in collaboration with the Department of Physics and "^
Astronomy, University of California, Irvine. Its main objective is to determine whether shear Alfven waves are v^*
destabilized by the free energy of thermal particles for a((3) < cccrjt(pcrjt), where cccr;t(pcr;t) is the threshold for ^
the local excitation of ideal ballooning modes, (3=87iP/B2, and a=-q2Ro(3'. Indeed, it has already been shown v^ 1

that the low-frequency (co«CO^=vyi1/qRo) shear Alfven continuum with gaps due to lattice symmetry breaking ^
can become unstable due to finite VT; [1.55]. Here, it is demonstrated that the unstable continuum is indeed g
discretized by the finite ion Larmor radius (FLR) and finite ion magnetic drift-orbit width (FOW), provided the ^ i ^
thermal plasma is not too far from ideal marginal stability for ballooning modes. The problem is analyzed both i ^
numerically and analytically.

Previous analytic investigations [1.55] studied the shear Alfven wave spectrum in an (s,oc) model equilibrium
(s is the magnetic shear) [1.56] for ©^(vtj/qRo^a^p;, i.e., including finite core-plasma ion compressibility and
diamagnetic effects on the same footing. As a result, discrete and continuous spectra were shown to be given,
respectively, by

iA(co) = SW(sa) (9)

where SW(sa) is the ideal MHD potential energy due to fluctuations, and

A2(co) = kjq2Rg (10)

Here, A(co) is a functional describing wave particle resonances with thermal ions and diamagnetic effects [1.55]
that for co«(vt[/qRo) becomes A(co) ^(co/co^) V l-co^p/co. The general expression of A(co) implies that for
Ro/Lpj<(Rg/Lpj)cr;t (Lpj is the thermal ion pressure scale length) one accumulation point of the shear Alfven
continuum has 3co>0, i.e., an unstable continuous spectrum.

If FLR and FOW effects are included assuming kj j j j^^l (with p;^) the ion Larmor (magnetic drift) orbit
width), the inertial layer wave equation becomes

[1.55] F. Zonca, L. Chen, R.A. Santoro, Plasma Phys. Control. Fusion 38, 2011 (1996)
[1.56] J.W. Connor, R.J. Hastie, J.B. Taylor, Phys. Rev. Lett. 40, 396 (1978)



(co)Sc|>-K2 (co)92§()) = 0 (11)

Here, K2(co)= pk2p2anci accounts for charge separation effects associated with both FLR and FOW.

If FOW is neglected K2(co)—»(3/4)s2kg pf (co/co^)2, i.e., the usual term describing the propagation of kinetic
Alfven waves (KAWs). Equation (11) is a generalized expression for KAW propagation when core-ion
compressibility is taken into account along with ion diamagnetic effects. Perturbative treatment of the ideal
region (justified close to the accumulation point 80=0) yields

Az(co) = (21 +1) + 8W
\JcK(eo)J

K(G>) (12)

for the generalized KAW dispersion relation, where 1 is the radial mode number. Meanwhile, (11) allows
(21+l)K(co)<->k? q2R.Q to be identified. Hence, (12) may be interpreted as proof that the unstable continuum is
discretized. The consistency condition for the discretization of the continuous spectrum is

|5W| < (21 |SW| (q2p)1 / 4(k e P i)
1 / 2 (13)

t

i.e., 8W may be positive but the system has to be close to marginal stability for ideal modes.

These results are in agreement with the findings of a numerical code that solves the coupled integral equations
for the two fields 8<|> and SAy.

Figure 1.43 shows numerical results for a local plasma equilibrium characterized by kgpfO.3, q=1.5, s=l,
Lpi/Ro=O.O57. In this case, the ideal ballooning limit is roughly given by acrjts0.62. The normalized growth rates
y/co*pj for both the Alfven ion-temperature-gradient- (AITG) driven mode (electromagnetic) and the usual electrostatic

ITG are shown vs a. It is evident that for asO.5acrjt the AITG
electromagnetic branch is more unstable than the electrostatic ITG,
which is stabilized by finite-p effects. In view of these results, it is
important to understand the possible significance of AITG instability
in plasma transport. This is presently under investigation.
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Fig. 1.44 - Computed rf current density for
three different values of the fast electron radial
diffusion coefficient

1.3.8 Tearing mode stabilization with LHWs
on FSX and ITER

The possibility of using lower hybrid waves (LHWs) as a source
of localized current for the control of MHD instabilities is
investigated. A toroidal ray-tracing code is used to define the
requirements on the launched wave spectrum, in order to drive
currents that are mostly localized inside magnetic islands. Issues
such as radial diffusion of the noninductive current, impact of the
power deposition radial profile on the stabilization process, finite
time response of the current to rf power modulations and its
interplay with the island rotation are addressed by means of a 3-D
Fokker-Planck code. It is shown that LHCD is a viable option for
the control of m=2 tearing modes in present medium to large
tokamaks: the method would be particularly effective in a reactor-
size machine like ITER. Figure 1.44 shows an example of
calculations for the typical equilibrium and plasma parameters of
the Feedback Stabilization Experiment (FSX) at the Princeton
Beta Experiment-Modified (PBX-M) tokamak; in particular, it
shows the current density, locally produced inside the magnetic
island, vs the radial coordinate for three different radial diffusion
coefficients of fast electrons. The amount of LH-generated local
current and the width of the profile should be able to stabilize the
m=2 tearing mode, at least in this example.



2.3.9 LHW and IBW synergy on PBX-M

The synergistic behavior of LHWs and IBWs on PBX-M is experimentally analyzed using a 2-D hard-x-ray
camera. The hard-x-ray bremsstrahlung emission from suprathermal elections, generated with LHCD, is enhanced
during IBW injection. The enhancement is observed in limited regions of space, suggesting the formation of
localized current channels. The effects on plasma electrons, during combined application of these two types of
waves, are theoretically investigated on the basis of a quasilinear model. The numerical code simultaneously
solves the 3-D (R, Z, <E>) toroidal wave equation for the electric field (in the WKBJ approximation) and the Fokker-
Planck equation for the distribution function in two dimensions (vy, vjj with an added quasilinear diffusion
coefficient. The amount of non-inductively-generated current and the absorbed power rate traces are calculated for
both types of waves. The beneficial effects on current drive of a combined utilization of IB and LH waves are
emphasized. Numerical results are compared with experimental observations.

1.4 NEW PROPOSALS

1.4.2 Advanced scenarios on FTU (FTU-D)

The FTU machine has a circular vacuum vessel and has been designed to operate with a circular plasma shape.
However, as has been widely discussed in previous papers [1.4, 1.57], an elongated configuration can be
generated by modifying the connections of the existing windings. Figure 1.45 shows a possible, shaped plasma
equilibrium. This kind of configuration can be achieved by feeding coils T2 and T1-T3, at present connected in
series, with currents of different amplitude.

To understand whether a shaped plasma equilibria would allow the study of important physical issues with the
auxiliary heating systems available on FTU (3 MW of LH waves at 8 GHz plus 2 MW of EC waves at 140
GHz), the associated physical parameters have been determined by assuming a confinement time given by
Hxt I T E R 8 9 .P[1.58].

Table 1 -II summarizes the plasma parameters that could be achieved working at toroidal field Bj=2.5 T and
Paux= 4MW. In the first two columns the possible plasma performance at plasma currents of 500 and 250 KA
is shown. Under these operating assumptions, with an H factor of 2, the plasma would be in the first stability
region (FSR); however, assuming a better confinement (H~3), it might be possible to reach the second stability
region (SSR). For instance, this could be obtained as the consequence of an internal transport barrier in the
presence of a reversed shear equilibrium (table 1 .II - column 3).

T3 FE

-1.0 b

Fig. 1.45 - Limiter configuration - Xpoint marginal.
The configuration is obtained by unbalancing the
currents in the transformer windings

The presently available 8-GHz LH system provides a source
of electron heating and current drive for current density
profile control. A power deposition simulation has been done
by using a ray-tracing/Fokker-Planck code for the plasma
parameters of column 2 in table 1 .II, with a slightly lower q
value (q=3 instead of q=3.4). For these parameters, 1.6 MW
of LH wave power are absorbed at half radius. The current
drive efficiency is approximately O.lxlO20 Am"2W"'. The
total driven current is 230 kA.

Power supplies

Three flywheel generators that can drive a total of six power
supply systems are available at Frascati. Table 1 .III reports
some features of the systems. The labels used correspond to the
set of coils presently powered. The last three columns show the
maximum currents and voltages and whether reversible
thyristors (bidirectional or unidirectional) or diodes are used.

[1.57] F. Crisanti et al., Possible high-beta experiments in FTU D-shapedplasmas, 39th APS Meeting of Plasma Physics,
(Pittsburgh 1997)
[1.58] E. Barbato, F.P. Orsitto, F. Zonca, Proposal of the high beta Frascati tokamak HB-FT, Internal Note



Table 1.II - FTU-D scenarios

1

FSR
low q* A=4.7
(a=0.217 m)

FSR
high q* A=5.4

(a=0.19 m)

SSR
non mon. q A=5.4

(a=0.19 m)

V(mJ)

IP (kA)

IN (MA/mT)

k

PP
PN% (mT/MA)

PR
ePP

%
q*

qo

Qmin

H

neG20
neL20

<Te> (keV)

Xg (ms)

tskin (s)

V*

Vres (V) (Zeff=l)

1.42

500

0.92

1.5

2.6

1.26

2.9

7.6

0.27

0.38

2

1

1

2

3.4

0.8/1.1

2.5/1.87

35

1/0.68

0.015/0.075

0.11/0.18

1.23

250

0.52

1.7

1.2

3

3.2

4.7

0.56

0.9

3.4

1

1

2

2.2

0.73

1.8/2.7

20

0.5/0.9

0.06

0.1/0.09

1.23

250

0.52

1.7

2.5

4.5

4.9

7

0.83

>1

3.4

2.5

2

3

2.2

0.73/1.1

2.7/1.8

30

0.9/0.5

0.027

0.09/0.1

Table l.III - Present power supply

For the G2 supply system two different
values are indicated for the maximum
current and voltage. The upper are de-
fault values; however, it is possible to
double the available voltage (at half
current) by modifying the connection
(series/parallel) of the diodes. Since the
system is very slow in modulating the
voltage (about 100% in one second),
the solution suggested could be quite
useful for regulating the current as fast
as possible.

The power supply systems described in
table 1 i l l are sufficient in terms both of
power and of energy for the shaping
and the horizontal position control of
the proposed equilibria. They can be
rearranged as shown in table 1 .IV. The
location of the coil set (symmetric up
and down) is shown in figure 1.45.

For the toroidal field, the present
power supply (Gl), which is capable
of producing a flat top of ~3.4 s at
toroidal field B-r=5 T, will probably be
retained. The windings FI-FE will be
used to control and modulate the
X-point position.

A preliminary study of the layout of the
connection bars for the new power
supply configuration proposed has
shown that it should be possible to
reverse the configuration to the circular
one in a week at maximum.

Name Presently
fed coils

Current Voltage
kA kV

Rectifier Vertical stability

a) Growth rate. Vertical stability is
one of the most serious problems for
all tokamaks with highly elongated
plasmas; moreover, increasing the
aspect ratio means decreasing the
"natural elongation" and hence in-
creasing the plasma vertical
instability Since the experiment is
designed with a high plasma aspect
ratio (A-5.5-6), the problem has
been examined with particular care.

The growth rate of vertical instability
is directly proportional to the equivalent resistivity of the passive structures surrounding the plasma. In FTU the
most important axisymmetric passive structure is the vacuum vessel. The average electrical conductivity was
determined by measuring the total current and the loop voltage, on a resistive time scale, induced by the
transformer in the absence of plasma; in this case Ryy=Vyy/Iyy, where Ryy=27tR()/aSyy, RQ is the vacuum
vessel major radius, a is the material conductivity, and Syy is the equivalent surface of the passive structure.

T

V

F

H

Gl

G2

Set T (transformer)

Set V (vertical field)

Set F (FB horiz. posit.)

Set H (FB vert, posit.)

Toroidal field

Supercond.
experiment

±25

0-25

±12.5

±1.2

0-40

0-30 or
(0-15)

±6

±3

±6

±1.5

5 low curr.
3 high curr.

1.2 or
(2.4)

Thynst. bidirec

Thyrist. unidirec

Thyrist. bidirec.

Thyrist. bidirec.

Diodes

Diodes



Table 1 .IV - Modified power supply

Power supply T —> Transformer - set of coils (T1,T2,T3)

Power supply V —> Shaping - set of coils (T2)

Power supply F —> Horiz. posit. - set of coils (V)

Power supply G2 —> Shaping - set of coils (FI-FE)

Power supply H —» Vertic. position - set of coils (H)

Fig. 1.46- Vertical instability growth rate vs plasma elongation

The parameter oSyy is the one necessary to fully
characterize the passive structure in vertical instability
simulating codes. From the measurements,
Ryy~0.6 mil and aSyy~0.1 mQnr1.

To evaluate the vertical instability growth rate of the
equilibrium of figure 1.45, two different codes were
used: the equilibrium code MAXFEA [1.59] in a flux
conserving evolving mode, and another code based on
an expansion of the vacuum vessel in orthogonal
modes truncated to the first eigenmode [1.60, 1.61].
Both codes gave the same growth rate: y~800 s'1,
which is quite high and confirms the expectations.
However, on tokamaks currently in operation it has
been demonstrated that it is possible to actively
control this kind of instability: for instance, on JET
the feedback system is able to control a growth rate of
the order of y-lOOOs"1.

A systematic study of the instability growth rate as a
function of plasma elongation was made using
MAXFEA. Plasma current Ip=250 kA and poloidal
beta [3p=1.0 were used in all the simulations. Results
are summarized in figure 1.46. The figure shows the

characteristic times for vertical instability as calculated by the code and the experimental times as measured by
dedicated experiments on FTU. In these experiments the windings FI-FE were used to elongate the plasma up
to kmax~1.2, and the vertical instability was induced by switching off all the gains of the actual vertical position
feedback control. As can be noted there is a good fit between the experimental and calculated points, confirming
the reliability of the simulations.

b) Feedback controller simulations. To study the possibility of controlling the vertical instability by a
feedback loop with active/passive systems, the two codes were used with a plasma position feedback controller.

Figure 1.47 shows a full simulation by the MAXFEA code; the plasma equilibrium with Ip=250 kA, (3p=1.5,
k=1.6, and 8=0.55 is reported in figure 1.47a. The experiment was simulated by imposing a radial field, as a
step perturbation, for a time ^=100 ms, which is equivalent to a displacement Az~2mm of the plasma position.
The feedback controller used both plasma velocity and position and drove only the set of coils H (fig. 1.45). A
delay tf=500 |j.s in the control loop response (Az(t])=5mm) was assumed. Processing of the magnetic
measurements and of the frequency response of the power generator are included in this time delay, which
turned out to be the most critical simulation parameter. Figures 1.47c and d report the necessary current and
voltage on the controlled set of coils. The amount of current needed is quite low, while the voltage required is
relatively high and above all quite fast with a slowing down time of the order of 0.5 ms (the imposed delay of
the control loop). As can be noted from table l-III, no power supply with these characteristics is available at
Frascati. Although the simulation reported in figure 1.47 is preliminary, since the feedback controller has not
been described in detail, it is clear that a new power supply, characterized by the current and voltage request
reported in figure 1.47, is needed in order to control a plasma with the highest elongation.

Control system

On FTU, the present control system [1.62] is divided into a) analog-digital acquisition; b) processing of the measure-
ments to produce the physical quantities to control, e.g., the plasma position; and c) a proportional integrative deriva-
tive (PH>) controller that commutes the physical quantities into a vector of input currents for the power generators. The

[1.59] P. Barabaschi et al., Simulation ofVDEs and design tools, JET, U.K., Proc. 22nd ESM (July 1993)
[1.60] E.A. Lazarus, J.B. Lister, G.H. Neilson, Nucl. Fusion 30, 111 (1990)
[1.61] C. Rita et al., Fusion Technol. 1994, eds K. Herschbach, W. Maurer, J.E. Vetter, p. 707
[1.62] F. Crisanti, C. Neri, M. Santinelli, Fusion Technol. 1990, eds B.E. Keen, M. Huguet, R. Hemsworth, p. 1080
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acquisition time for a
vector of 36 signals is
ta=300u.s. Magnetic-
signal processing is
based on solving the
Shafranov equation in
toroidal coordinates
[1.63] and gives the
multipolar expansion of
the magnetic field up to
the plasma boundary.
This computation is done
by a CPU Motorola
68040 on a VME bus,
using an OS9 operative
system. Evaluation of the
plasma boundary takes
tb~l-2 ms. The electro-
technical input is pro-
duced by an old Micro-
Vax, which operates the
PID controller and takes
a time tp~l .0 ms.
Overall, the present
control system has a
delay 1̂ =3.0 ms from a
plasma change to when
the controlling elements
are "told" to correct it.

Obviously, this kind of
system is not appropriate
for producing a controll-
ed quantity for vertical
stability. Without chang-
ing the system logic too
much, it will be possible
to achieve a much better
performance, and studies
have already been carried
out on the architecture
(fig. 1.48) for a new
control system. Using the
CAEN ADC V652, the
acquisition time will

become ta~3|xs. The two computers now used will converge in a single Motorola PPC 604 at 200 MHz - still on the
VME bus but using the Lynx O.S. This new configuration will mean a strong improvement in response time. The delay
between plasma modification and input to the power generator should become t̂  <200 jis, less than half the delay
(which was the most critical point in the control loop) used in the simulation in figure 1.47.

Fig. 1.47 - Feedback controlled simulation, a) Equilibrium configuration, b) Plasma
position evolution with radial magnetic field perturbation imposed for a time tc(=50 ms;
delay feedback control loop tj=500 [is: &Z(tj)=2mm; AZ(tj)=4 mm. c) and d) Current and
voltage request from the feedback controller
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Fig. 1.48 - Architecture of the new plasma control system

Thermal load on plasma-facing materials

In the new FTU configuration, the actual toroidal limiter, located on the equatorial plane on the inboard side of
the vacuum vessel, will receive only radiated power. If FTU is to operate with circular plasmas, only the top,

[1.63] F. Ailadio, F. Crisanti, Nucl. Fusion 26, 1143 (1986)
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Fig. 1.49 - Enlarged view of the X-point with the
possible solution for the protection plates

bottom, and outside of the machine will remain available for a
thermal protecting structure. The fact that a large part of the
experiment will be performed in an X-point configuration
eliminates the use of a set of external poloidal limiters located
at several toroidal angles.

available for the thermal load is
molybdenum, its weight would be Mtot'

Stot~1.9

The solution so far analyzed is to insert between each toroidal
sector top and bottom protection plates with some poloidal
extension. In figure 1.49 an enlargement of the X-point region
is shown, with the possible solution for the protection plates. It
is assumed that the total input power during the experiment is
Pmax= 4 MW and that 50% of the power will be lost by
radiation, as suggested by experimental FTU data [1.8]. To
minimize thermal stress, two tiles located as shown in the
figure and with a poloidal amplitude Ap~0.1 m could be used.
In the toroidal direction, the plates should be tailored to fit
between the vertical windows; the radial thickness could be
8s~0.01 m. With this kind of solution, the total surface

m2. The structure would not be massive; for instance, using
205 kg.

The power flux on the plates is given by half of the total input power plus 15% of the radiated power, i.e.,

Pmax/2~2.3 MW (14)

Now the power load on the plates can be evaluated both in the "limiter configuration" and in the "separatrix
configuration".

In the "limiter" equilibrium it is evaluated that the external plates plus half of the internal take the heat flux, and
the power density on the plates will be

3-,

PWL=PL/(0.75Stot)~1.6 MW/m2 (15)

This assumes uniform distribution of the power load; to be conservative, a peaking factor of the order of 2 is
used, so the power density P\y <3.2 MW/m2.

For the "separatrix" configuration, the flux surface expansion has to be estimated. Looking at the equilibrium
configurations it is easy to check that the flux surface expands by about a factor of 10 from the midplane to the
separatrix location; also, using present FTU data, it is assumed that the energy decay length on the midplane is
"̂Emid~l c m- ̂ i s means that the energy contained in a thickness Ag^id ^s spread for a poloidal length of the

order A,£XpO=10 A,£mj(j~10 cm. Under these assumptions, for each complete toroidal set of plates, there will be
a total power flux Pfx~0-5 MW with a distribution in the poloidal direction

Px(s) = Px(0) (16)

with px(0)~1.5 MW/m2. Considering a toroidal peaking factor of ~2, the maximum specific power is
~3 MW/m2.

Hence, for both experimental configurations, the proposed solution would be compatible with the expected
power load.

The feasibility of the top and bottom thermal protection plates was evaluated using the electromagnetic forces
calculated by assuming a vertical disruption and halo currents as constraints. Figure 1.50 shows a possible
mechanical solution. The thermal protection structure is composed of twelve toroidal (up and down) sectors
located between the vertical ports (fig. 1.50a). Each sector consists of 4x5 TZM tiles, fixed on a stainless steel
structure of four bars located at different poloidal angles (fig. 1.50b) and bolted on a stainless steel support
surrounding the ports. Each support is fixed on ribs welded onto the rigid sectors of the vacuum vessel. The bar
structure has been dimensioned for a total force of about 400 kg.



Fig. 1.50 -a) View of a toroidal sector (between two vertical ports) of the proposed top and bottom "toroidal limiter". b) Poloidal
view of the top toroidal limiter

1.4.2 Spherical tori and Proto-SPHERA

Following the June 1997 meeting of the ENEA-EURATOM Association Steering Committee, the possibility of
studying spherical tokamaks under a joint collaboration between ENEAand Italian universities was investigated
An agreement between the University of Rome Tor Vergata and ENEA is nearing finalization.

Low aspect ratio tokamaks A=R/a<2 (R=torus major radius, a=torus minor radius), originally proposed at Oak
Ridge National Laboratory, U.S., are based on attractive economic (low aspect ratio = low volume = low cost)
and physical (probably no disruptions, low geodesic curvature, high beta) features.

These interesting characteristics of spherical tori have been confirmed by START (UKAEA Culham, U.K.). The
maximum |3 obtained is roughly three times that obtained in conventional tokamaks: volume average <(3>=3O%
and peak central value Po=60%. Even more important is that these <p> values have been reached without
increasing the energy transport.

A further step in spherical tori can be made by decreasing the aspect ratio and going to the ultralow aspect ratio
tokamak (ULART, A<1.3). The main problem of a spherical torus reactor is the impossibility of shielding the
central rod from the neutron flux, which means that it cannot be superconducting. The consequence is that too
much energy may be dissipated in the central rod compared to the fusion energy output. On decreasing the
aspect ratio to A<1.3, it is possible to obtain equilibria with a lower ratio between the central rod and the total



plasma current I tj/Ip«l. ULART configurations leave limited space for the central rod, i.e, a conventional
Ohmic transformer cannot be used, so noninductive current drive is needed.

The Spherical Plasma for Helicity Relaxation Assessment (Proto-SPHERA) is devoted to demonstrating the
feasibility of an ULART where the role of the central rod is taken by a stabilized screw pinch fed by two polar
cap electrodes that sustain the ULART by driving the poloidal field by direct-current helicity injection. Hence,
the main goal of Proto-SPHERA is to show that a stable configuration can be maintained in the presence of
efficient helicity injection. In Proto-SPHERA the problem of damage to the central rod turns into a problem of
avoiding damage to the electrodes.

Proto-SPHERA Experiment

In the TS-3 ULART experiment (Tokyo University), a similar magnetic configuration was successfully
obtained. The toroidal plasma was formed starting only from the current driven between the external electrodes.
The configuration lasted for about 100 [is (tens of Alfven times) before becoming unstable, probably due to tilt
instability caused by excessive compression. The toroidal current was formed from the longitudinal current by
means of an n=l kink mode, which is able to convert the magnetic flux from poloidal to toroidal.

Two main questions are raised by the TS-3 results:

• the short duration of the pulse could have increased the ideal MHD stability of the configuration, due to
field-line tying to the metal surfaces of the load assembly;

» the limited effect of resistive MHD instability could have been due to the low values of dimensionless
parameters (Lundquist number S, magnetic Reynolds number Rm, etc.).

Considering the results and the problems of the TS-3 experiment, the Proto-SPHERA experiment will have the •*•*
following aims: Js-

' Contain the power Pe required to sustain the central screw pinch and minimize the related damage and the ^
impurity influx by using electrodes composed of a radial array of elementary tubes of refractory metal (hollow v ^
cathodes and anodes), pressed radially and aligned along the field lines, which can be made horizontally straight §
in the expansions of the spherical torus internal divertor regions. g

» Form the spherical torus around an unstable central screw pinch discharge. *^«

• Compress the spherical torus plasma down to the lowest possible aspect ratio, in the absence of a conducting t*i
shell close to the plasma.

• Clarify the ideal and the resistive MHD through extending the duration of the configuration to more than 10
ms by exploiting the power supply at Frascati.

The magnetic configuration designed for Proto-SPHERA provides an almost spherical plasma with a diameter
2RSpj,= 45 cm. A longitudinal pinch current Ie=22.5 kA and a toroidal ST current I_= 45-90 kA allow for an
edge safety factor q95=2.5-3 and provide ideal MHD stability to rigid shift and tilt modes, if the spherical torus
can be compressed down to A=l .2.

It is worth noting that the safety factor profile of Proto-SPHERA is very different from the TS-3 profile.TS-3
had q~l over all the plasma; Proto-SPHERA will try to achieve a tokamak-like q profile with qg5~2.5-3.

The load assembly of Proto-SPHERA is contained within a 1.4-m-high, 1-m-diam cylindrical vacuum vessel
(fig. 1.51). Once the cylindrical container is removed, all the other components of the load assembly are
sustained by columns standing on the vessel floor. The columns are insulated in a few points. The anode and its
case are at positive voltage; whereas the cathode together with the vessel and the remaining load assembly are
grounded. A grounded modulus-8-return toroidal field coil system is required in order to have less than 0.5%
ripple on the plasma. Gas is fed through fast valves in the anode, and a large space for inertial gas filling is
provided below the cathode.

There are two sets of poloidal field coils in Proto-SPHERA:

• the set that shapes the screw pinch and whose currents do not vary during the plasma evolution; i-

• the set that compresses the spherical torus and whose currents vary during the plasma evolution. ['" 4JI3
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The current density inside the poloidal field
coils has been designed to never exceed

iocm 2 kA/cm2. This means a temperature
~ increase of l°C/s inside the coils, which

does not introduce any cooling requirement.
Since the formation time for the
configuration is 100 JJ.S, the coils whose
variable currents compress the spherical
torus will be shielded inside thin metallic
cases, whereas the coils with constant
current have to be enclosed inside thick
conductors in order to stabilize the
formation phase. The voltage required at
the anode in order to form the screw pinch
should be Ve<l kV with hydrogen pressure
10-50 mTorr.

The cathode is grounded along with the
vacuum vessel. By increasing the elecrode
current up to Ie=22.5 kA, the screw pinch
should become unstable because the safety
factor of the pinch decreases to qpinch^.
During this instability the spherical torus is
generated around the screw pinch, as in the
TS-3 experiment.

Fig. 1.51 - Load assembly of Proto-SPHERA
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Fig. 1.52 - Load assembly of Proto-PINCH

Electrode benchmark: Proto-PINCH

A benchmark for the electrodes is required
because the high power they handle could
constitute a serious problem. The electrodes
benchmark, Proto-PINCH, will produce a
screw pinch with roughly the same
geometrical dimensions as that of Proto-
SPHERA, with a simpler mechanical
configuration of the electrodes, as shown in
figure 1.52. With large electrodes Proto-
PINCH will have a current capability of
Ie=l kA, (with qPinch>2).

The schedule and cost of this experiment
are as follows:

December 1997: Proto-PINCH

January 1998:

2nd half 1998:

1999:

Detailed mechanical design (expenditure 45 MLit.).

Start of construction. Beginning of experimentation.

Results of analysis and definition of the technical solution
for the Proto-SPHERA electrodes

Proto-SPHERA Detailed mechanical and electrotechnical design.

Construction.



2.1 THE FTU MACHINE

2.2.1 FTU operation

Activities on the Frascati Tokamak Upgrade (FTU) in 1997 were focused on the experimental phase, commission-
ing new systems, and maintenance activities.

The vacuum chamber was vented twice, for inspection and for the installation of new diagnostics. Other brief shut-
downs were carried out for maintenance and repair. D2 and H2 were used as fuel in the first and in the second part
of the year, respectively.
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Fig. 2.1 - Cumulative pulses performed in 1990-1997
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Fig. 2.2 - Sources of downtime in 1997

The multiple pellet injector was
used alone and in combination
with radiofrequency (rf).

Figure 2.1 reports the cumulative
pulses perfonned on FTU from
1990 to 1997. The total number of
pulses in 1997 was 2205, of which
1988 were successful. The ex-
perimental days totaled 91.4, for
an average of 9.45 h/day. The
average number of daily pulses
was 24.12, (21.75 successful
pulses/day).

Table 2.1 reports the main
parameters for evaluating the
efficiency of the experimental
sessions. The retirement of skilled
technicians, who were not replaced,
led to some reduction in efficiency
in the last part of the year.

Figure 2.2 shows the sources
(percent of total operating time)
of downtime in 1997. The main
source was data analysis between
shots, due to the complexity of the
experimental program.

Figure 2.3 reports the daily
average of total and successful
pulses by month.

In 1997 FTU operation reached a
maximum toroidal field of 7.8 T,



facility

Table 2.1 - Summary of FTU operations 1997

Total pulses

Successful pulses (sp)

I(sp)

Potential experimental days

Real experimental days

I(cd)

Potential experimental minutes

Real experimental minutes

I(et)

A(sp/d)

A(p/d)

Jan

433

395

0.91

15.7

15.7

1.00

9420

9058

0.96

25.16

27.58

Feb

0

0

0

0

0

0

March

220

204

0.93

9.9

9.9

0.95

5640

5161

0.92

21.70

23.40

April

218

191

0.88

12

11

0.92

6600

5507

0.83

17.36

19.82

May

385

337

0.88

14.5

14.5

1.00

8700

9473

1.09

23.24

26.55

June

393

360

0.92

15.5

15.5

1.00

9300

8623

0.93

23.23

25.35

July

0

0

0

0

0

0

Sept

0

0

0

0

0

0

Oct

0

0

3

0

0.00

0

0

Nov

257

238

0.93

12

11.7

0.98

7020

6209

0.88

20.34

21.97

Dec

299

263

0.88

9

13.6

1.51

8160

7673

0.94

19.34

21.99

Total

2205

1988

0.90

91.6

91.4

1.00

54840

51704

0.94

21.75

24.12

Jan Feb March
Delay per system (minutes)

April May June July Sept Oct Nov Dec Total

Codas

Power supplies

Machine

Radiofrequency

Diagnostic Systems

Analysis

Human factors

Others

total

711

326

35

169

40

599

0

5671

2447

0

0

0

0

0

0

0

0

0

356

336

325

0

46

388

0

321

1772

770

906

168

55

283

346

0

421

2949

711

242

76

269

131

1348

114

765

3656

358

296

200

142

115

737

45

495

2388

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

536

354

793

36

119

210

0

553

2601

325

208

838

130

244

390

28

584

2747

3767

2668

2435

801

978

4018

187

3706

18560
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close to the nominal 8 T, and a maximum plasma current of
1.1 MA. Full plasma current drive and shear reversal with the
lower hybrid and electron cyclotron rf systems and plasma
heating by ion Bernstein wave (IBW) radiofrequency power
were the dominant scientific programs [2.1].

Machine maintenance and new installations

Month

•i
o

§ There were two major shutdowns in 1997.

Fig. 2.3 - Daily average of total and successful
pulses in 1997

The first, from the beginning of February to halfway through
March, was devoted to planned maintenance and to installing
the collective Thomson scattering diagnostics, a new window
for the IBW antenna, and a TV camera for internal

monitoring of the vacuum vessel. Following inspection of the vessel, half of the rings supporting the magnetic
sensors had to be dismantled since they had been damaged by plasma interaction.

The summer shutdown, from July to October, was mainly oriented to commissioning the electron cyclotron
resonance heating (ECRH) system: the cooling system, installation of the four lines, and testing of the
gyrotrons. Other activities performed during the shutdown were a partial revision of the flywheel generator
feeding the poloidal coils, and maintenance and inspection inside the cryostat.

Future activities

A first shutdown is planned for 1998 from January to the beginning of April to complete commissioning of the
four ECRH lines, together with some minor diagnostic modifications, and to carry out maintenance and
inspection of systems and components, including the toroidal Iimiter. A sector of the toroidal limiter will be
extracted, and the thermocouples will be replaced in order to reduce vacuum contamination during operation.

Radiofrequency additional heating power of 8.1 MW at the generators should be reached during operation from
May to July 1998.

Another shutdown is scheduled for summer 1998 to cany out maintenance and inspection: in particular, to
overhaul the motor flywheel generator feeding the toroidal magnet. Plasma operation will resume in mid-
September.

With regard to the control and data acquisition system, the main activities planned are as follows:

• all nodes will be transferred under the Andrew File System;

• the shot database will be moved from the IBM virtual system to a UNIX operating system.

The system spare-parts management as well as the technical protocols and electronic archives for the electrical
systems and mechanical parts will be implemented.

2.1.2 Remote maintenance of the toroidal limiter

The actual FTU plasma limiter consists of 360 molybdenum tiles held in place by means of 12 frames. Each
frame is connected to the vacuum vessel by four bolts placed along the limiter vertical center line. Some surface
damage due to plasma-wall interaction and plasma disruptions could occur on the molybdenum tiles, which
would entail having to replace the sector. Since the FTU equatorial port has a minimum access area of
-420x80 mm, which makes direct operations almost impossible, a special device is required to be able to remotely
replace the limiter sector by an automatic procedure.

In the first part of 1997 a project was launched to verify the possibility of replacing the whole limiter system (12

[2.1] S. Ciattaglia et al., The Frascati Tokamak Upgrade machine availability analysis, main results and future
programme, presented at the 17th Symp. on Fusion Engineering (S. Diego 1997)



Fig. 2.4 - Gripping tool on a limiter sector Fig. 2.J - V-track setup

sectors) by introducing a robotic arm (fig. 2.4) through the equatorial ports. The project is based on experiments on
a small simulator, which showed that the control system core was applicable and that it was possible to successfully
grip a first wall sector without any spatial reference to the control.

The system, called V-track (fig. 2.5), has been designed and built. It uses data coining from two movable
microcameras installed on the boom gripper tool. The images taken on the fly are processed in real time and
give the six-axis control unit the 3-D corrections to move the gripping tool, while matching the first-wall
recesses.

2.1.3 Neiv external poloidal limiter

During 1997 an improved version of the outboard poloidal limiter was installed in FTU. In the present limiter
configuration with a TZM (98% molybdenum) inboard full
toroidal limiter, the main task of the outboard poloidal limiter is
to protect the vacuum vessel walls and the rf waveguides from [ .v ' ' , ' " '' • -.•.-•• ~-;-\
runaway electron fluxes, since the thermal plasma load is I • '•'. ' ' ' ' ., • ..'--:.•"•'•••-;.V\
mainly supported by the toroidal limiter. Previous outboard
poloidal limiters showed severe damage (melting and ablation)
caused by runaways (as confirmed by measured activation),
leading sometimes to nearly total erosion of the mushroom-
shaped pieces facing the plasma. Hence, a new limiter with
thicker tiles made of Inconel or TZM was designed (fig. 2.6).
Accurate electromagnetic load analysis using the 3-D finite-
element electromagnetic codes MSC/EMAS was carried out
during simulated plasma disruptions [2.2]. The analysis
considered major disruptions involving a 1.6-MA plasma
current quench, for 5 and 3 ms, together with an inward plasma '• ' '-'•,.'. K '."',
radial displacement of about 12 cm. Consequent to the results, '• - '•:. , . • 1 •,'•.
the junctions of the supporting beam were reinforced with . '. " \-'.' .
respect to the original project. / . , . . ' •

1

.- -; \*

. -I
* i

*.- " ' , i

Thermomechanical analysis was carried out with the
ABAQUS code [2.3], The strain both of the Inconel and of
the TZM tiles was found to be within the allowable values,
even for the thermal load expected during typical high-
current plasma discharges.

.'i

Fig. 2.6 - Computer image of the new external
poloidal lirniler showing the plasma-facing tiles
and the supporting beam

[2.21 ' M. Gasparolto et ah. Electromagnetic analysis using MSC/EMAS on some in-vesse! components of the FTU machine
during plasma disruption. MSC/EMAS European Users' Conference (Munich 1995)
2.3] G. Maddaluno, G. Mazzone, A. Pizzulo, Verified tennomeccaiiica del limiier poloidaie per FTU, Memo
;'US/TECN/MECC 01/95



The limiter has been equipped with thermocouples embedded within the tiles, and a line of sight has been set
up for monitoring the equatorial tile surface temperature in the infrared range of frequencies.

2.2 ADDITIONAL HEATING SYSTEMS

2.2.2 Lower hybrid heating and current drive system

The whole system is described in detail in previous progress reports. The present status is summarized in table 2.II.
Two launching structures with three gyrotrons each are in operation (2x1 MW+1x0.5 MW on one structure and
3x1 MW on the other).

In March 1997 the Varian 0.5-MW prototype tube had a serious vacuum problem and could not be repaired. It
will be replaced by a Thomson 1 -MW tube (already in Frascati), which will not be so easy to do because the
Varian has different power transmission with respect to the Thomson. Hence, in 1997 only five 1-MW tubes
were available for experiments.

A lot of effort was devoted to improving the overall system availability. The most critical element is the ceramic
window (48 alumina windows in a single titanium frame), which must ensure a) vacuum tightness and b) electrical
connection to transmit if power. It was decided to separate these two functions in a new design. Vacuum tightness
is guaranteed by a special vacuum gasket, as before. The electrical connection is ensured by lead wires housed in
special grooves in the titanium frame. As a side benefit of this modification, it is also possible to have a small,
continuous gas flow, which prevents water condensation and greatly simplifies vacuum tests on FTU.

Table 2.II - Present status of FTU lower hybrid system

Number of LH ports

Number of conventional grills

Number of gyrotrons

Number of waveguides

Structure position range

Window position (AI2O3)

Total power at plasma

Max. power density at plasma

Pulse length

Frequency

N| j peak

AN|| (1/10)

2

6 (3xport, 2 structure 1)

5 [5x1 MW]

288 (48xgrill=>12 col 4 rows)

70 mm

20 cm from plasma

<3 MW

« 10kW/cm2

1 s

8000 (-5+15) MHz

1<N| I <3.8 from high directivity

to symmetric spectra

1.2

Bench tests were performed on the modified
windows, and the results obtained so far can
be summarized as follows:

• The assembly procedure has been
simplified and is reliable.

* The maximum power on the window has
increased by 20%.

One port is equipped with modified windows,
the second will be upgraded during the next
shutdown (early 1998).

Although the peak power density capability
could allow full power on the grills, severe
limitations have been found during operation
and at present only four grills can be used at
nominal power. The limitations could stem
from damage to the ceramic window (20 cm
from plasma edge) and to the grill mouth, but
there is no definite proof because it has not yet
been possible to inspect the grill structure.

s

2.2.2 The ion Bernstein wave experiment

Details of the proposed experiment (table 2.Ill) can be found in the 1994/95 Progress Report.

Present status

At present, rf power is generated by one klystron amplifier feeding a grill consisting of two 400x29.5 mm
rectangular waveguides joined together along their broad side. The power circulator has been removed from the
Torus Hall since performance could be downgraded by the FTU magnetic fields. The possibility of increasing the
power on the launcher by using one klystron per waveguide is under investigation. A preliminary study has been
performed and could be implemented if required by experiments.

The Duroid vacuum-tight temporary windows have been eliminated. A double window, designed and built (fig. 2.7)



Table 2.01 - IBW system on FTU

1Number of IBW ports on FTU

Number of grills

Number of klystrons

Number of waveguides

Relative phase variable

Structure positioning range

Vacuum-tight window

Total power at the plasma

Max. power density at the plasma 1.5 kW/ctn2

Pulse length 1 s

Frequency 433 MHz

1

3 (0.6 MW each)

2 per grill

0-180 degs

70 mm

outside the cryostat

0.6 MW

Fig. 2.7 - Window for the IBW antenna, designed and built in
collaboration with PPL

fcs

in collaboration with the Princeton Plasma Physics Laboratory (PPPL) in the U.S., is being used. It is mounted
closer to the plasma (1 m), and a better performance has been obtained, possibly due to a reduction in the vacuum
region of the antenna waveguides.

Another solution is being studied to further reduce the distance of the window from the plasma edge, should
breakdown in this region still constitute a problem. In this case a new window would have to be built.

In any case, the window is a critical component since there are no spares of the PPPL window. The only windows
currently available are single Spinner alumina windows that can only be mounted farther from the plasma, thereby
increasing vacuum and breakdown problems. The experimental indications, so far, are that the volume of the launcher
under vacuum be kept as small as possible; this configuration has a further advantage in that the conditioning phase is
reduced a great deal.

22.3 ECRH system

This experiment is being performed in collaboration with the Consiglio Nazionale di Ricerca (CNR). The overall
design of the complete system was described in the 1992-93 Progress Report.

During 1997 work was mainly dedicated to completing the final system. Table 2.IV gives a summary of the
characteristics of the complete system.

High-voltage power supply and regulator

The new power supply, described in the 1996 Pogress Report, is in operation. The acceptance tests have
been completed.

Table 2.1V - ECRH system

Number of ECRH ports

Number of gyrotrons

Total power to the plasma

Launching structure

Vacuum-tight window

Pulse length

Frequency

1

4 (0.5 MW each)

2 MW

Mirror systems

Outside the cryostat

0.5-1 s

140 GHz

Transmission lines

Installation of the transmission line components (supports,
mirrors, joints, and corrugated waveguides, as well as arc-
detectors and directional couplers) has started and will be
completed during the next shutdown.

Launching structure

The launching structure was constructed and is being tested at
the CNR Milan laboratory, which has the necessary expertise
and facilities. The structure will couple four gyrotrons to the
plasma and will allow beam orientation.



Miscellanea

The auxiliary power supplies (for filament and focusing coils) were tested and installed.

The extension of the lower-hybrid water cooling system was installed and tested.

Dedicated mimics were developed and partially tested.

The existing gyrotron, with the new power supplies, auxiliaries, and the water cooling system, was put into
preliminary operation through the FTU control system.

Special components will be available early next year for the control and acquisition system relative to rf
measurements (amplifiers), bolometric measurements (on windows and dummy loads), and fast arc-detectors
in the waveguides.

2.3 PLASMA DIAGNOSTICS

2.3.2 Characterization and preliminary results of the CTS system

The collective Thomson scattering (CTS) system is a tool for measuring the velocity distribution function of
plasma ions. While the proof-of-principle of the measurement was performed using a far-infrared laser source
[2.4], a gyrotron source at 140 GHz (X=2.14xlO~3 m) with 400-kW power has recently been used for
preliminary measurements of ion temperature on JET [2.5] and W7-AS [2.6]. The CTS-FTU experiment, while
using the same source, is characterized by the following distinctive features:

o It runs well below the first electron cyclotron emission (ECE) harmonic (i.e., at a magnetic field B=7.4-7.7 T),
thus providing low ECE background noise, which is the main noise source of the measurement.

• The scattering wave-vector direction is close to that of the magnetic field.

• The scattering angle is 90°.

The gyrotron radiation (250 kW, 20-ms maximum power and pulse width) is focused into the FTU vessel
geometrical center by means of an optical system that maps the input waist formed by a circular
corrugated waveguide of 88.9xl0~3 m diameter, in a quasi-Gaussian beam diameter of 0.05 m (full width
at 1/e2 of maximum power). The system is mounted on a vertical port, so a specular optical system, at
the bottom part of the same port, collects the radiation scattered at an angle of 90°, selecting a scattering
K-vector that forms an angle of 25° with respect to the magnetic field direction. The last symmetric
mirrors of both in-vessel optical systems are rotatable, so a scan of the scattering volume from the plasma
center to the edge is possible. The mapping (i.e., geometry calibration) between the absolute position of
the scanning mirrors (i.e., the angle of rotation) and the coordinate of the scattering volume in the FTU
vessel was recorded in a laboratory measurement for which a He-Ne laser beam was used to accurately
align both optical systems. A quasi-optical system then transfers the scattered radiation to a
superheterodyne receiver in the Experimental Hall.

The scattering geometry is defined completely by three angles: i) the scattering angle 9s=90°; ii) the angle %
between the plane identified by incident wave vector K; and the magnetic field direction ng, and the other plane
identified by the scattered wave vector Ks and ng, %=32°; iii) the angle <\> between the scattering wave vector
Ks= Kg-K; and nB, cp=25°.

The 9=90° scattering angle provides good localization of measurement, while low <j> is useful for avoiding
magnetic field effects of the scattered spectrum and for minimizing the effect of low-frequency electrostatic
plasma turbulence (which mainly develops on the poloidal plane, i.e., at ())=90o) on the CTS spectrum. The angle

[2.4] R. Behn et al., Phys. Rev. Lett. 62, 2833 (1989)
[2.5] J.A. Hoekzema et al., presented at the 22nd Eur. Conf. on Controlled Fusion and Plasma Physics (Bournemouth
1995) Vol. 19c, (Part II) 445
[2.6] E.V. Suvorov et al., presented at the 22nd Eur. Conf. on Controlled Fusion and Plasma Physics (Bournemouth 1995)
Vol. 19c (Part I) 429



X affects the geometrical form factor [2.7, 2.8], which depends on the incident and scattered wave polarizations,
on the wave vector K; s angles with respect to HQ> and turns out to be a constant for CTS-FTU.

The alignment of the in-vessel optical systems after their installation on FTU was checked using a low-power
(1 mW, 140 GHz) source and a diffusing target placed at the vessel geometrical center: the diffused (by the
target) signal was maximized exactly for the rotation angles of the last symmetric mirrors (pertaining to the
launching and collecting optical systems) where the laboratory calibration gave the vessel center.

The stray light rejection capability, i.e., the decoupling of the launching and receiving antennas, was measured
in two different conditions:

• After aligning the optical system, a low-power source was placed in the input window of the in-vessel optical
system, to form a waist similar to that of the circular corrugated waveguide used for transmitting the gyrotron
beam. The power detected by the receiver was measured, resulting in a 60-dB decoupling in such a
configuration, with 5-dB attenuation (measured by means of a low-power source placed at the exit window of
the collecting in-vessel optical system) due mainly to the quasi-optical transmission line placed in front of the
receiver.

• In the same conditions, but with the high-power transmission line mounted and the gyrotron working at 100-
kW power, 10-ms pulse width, and tuned at 140.002 GHz. In these conditions the gyrotron line falls at a
frequency where the notch filter maximum attenuation is placed. The signal detected in the scattering band gave
the gyrotron noise pattern.

The superheterodyne receiver consists of a mixer with a local oscillator controlled by a phase loop
feedback, a first intermediate-frequency section with two rf power amplifiers, a second heterodyne section,
and a 32-channel filter bank spanning between 45-MHz and 1.2-GHz frequency, offset from the 140-GHz
gyrotron line.

The receiver was absolutely calibrated using a hot source at 600°C, and the calibration stability was checked in
300-s-long calibration runs for several days, resulting in measured coefficients that were consistent within the
statistical errors. The calibration of each channel relative to the last channel was checked and found to be stable
within the statistical errors.

The measured average noise level of the receiver was Trec=l eV, while the measured sensitivity, defined as the
minimum temperature detectable by a given channel, was ATm;n<0.05eV.

Since the ECE background is the main source of noise in the CTS measurements, FTU runs were dedicated to
assessing the value of the ECE temperature measured by the CTS receiver, at the value of the magnetic field
used for the experiment. For this purpose, discharges with magnetic field ramps from B=7.2 T to 7.7 T were
run, for plasma current Ip=750 kA and density close to n e=lxl02 0nr3 .

The main result of these measurements was that the TECE (140 GHz) decreased to 50 eV for B=7.7 T. This value
was found to be reasonably close to the measurement performed by the ECE Michelson interferometer in the
frequency range 138-145 GHz.

The ECE temperature measurements were also performed during lower hybrid heating and current drive
discharges, giving a value of TECE (140 GHz), which is about a factor of 2 higher than in Ohmic plasmas, in
the same range of plasma parameters (i.e., ne=lxl0^^m"^, B=7.2 T).

The stray light level entering the receiver was measured by firing 10-ms gyrotron pulses into the FTU vessel
without plasma. It was found that after the first 5 ms, which is the time needed for the gyrotron to stabilize itself
to the nominal frequency of 140.002 GHz, the level of the stray was reasonably controlled by the available
notch filters (70 dB of attenuation). Low signals were detected by the receiver also at channels with low-
frequency offsets from the gyrotron line, hence allowing detection of the gyrotron noise in the scattering band.

Discharges were run at B=7.4 T, Ip=750 kA, ng^lxlO20!!!"3, operating the 140-GHz gyrotron for a 10- to 30-ms
pulse width. During the current flat top, CTS signals were detected that were definitely higher than those

[2.7] A.I. Akhiezer et al., Collective oscillations in plasmas, Pergamon Press (1967)
[2.8] J. Sheffield, Plasma scattering of electromagnetic radiation, Academic Press, New York (1975)



detected without plasmas. The maximum signal-to-noise ratio was S/N=50, not far from that predicted
theoretically using standard CTS theory [2.7, 2.8].

2.3.2 Wide-angle, high spatial resolution observations of FTU plasma using
videocameras

A TV system for observing the tokamak plasmas has been installed in FTU and is now routinely providing films
of the discharge evolution as well as information on the status of the vacuum chamber and toroidal limiter from
three different locations.

The system is based on small, standard PANASONIC GP-KS162 charge-coupled-diode videocameras with a
resolution of 768x582 pixels. The cameras are placed behind sapphire vacuum windows at the top of a 36-mm-
diam, 2-m-long pipe inside the magnetic field coils, close to the plasma edge (1-10 cm).

Thermal conditioning (by externally heated nitrogen flux) guarantees against frosting on the vacuum windows in
the surrounding cryogenic temperatures. The transparency of the windows, despite their positions, is not apprecia-
bly varied by impurity deposition or erosion even after several hundred shots.

Because of the system layout, the wide-aperture angle of the objectives (-80° full angle) can be filled without
appreciable vignetting, so nearly 90% of the toroidal limiter and a significant part of the vacuum vessel are monitored.

The videocamera mountings and their location around the torus are shown schematically in figures 2.8 and 2.9.

Five fiber-optics channels are also inserted inside the tube to allow spectroscopic measurements at the same
locations as viewed by the videocameras.

OMA &
Monitors

Fig. 2.8 - Videocamera mountings

Fig. 2.9 - Videocamera location

During plasma shots the
analog outputs of the cameras
are stored on SONY U-Matic
magnetic tapes. The video-
recorders' functions are
remotely controlled by a pro-
grammable logic controller
triggered by the main time
sequence of the discharge. A
real-time display of the shot
followed by a playback at
reduced speed are displayed
on a monitor in the control
room.

The recorded films are later
digitized through the video
board of a Silicon Graphics 02
workstation, which stores the
video data and can also perform
some routine operations, such
as decomposing films in
sequences of still images,
choosing the desired video and
image format, etc.

This workstation also acts
as a web server for distribut-
ing video data to users
(Visione.frascati.enea.it).

The data acquisition configu-
ration is shown in figure 2.10.



Work station

Ethernet

Fig, 2.10 - Data acquisition configuration

Quantitative information on
the images and data process-
ing is obtained by reading the
data with 'IDL' graphical
routines. A typical output,
which consists of the time
evolution of the brightness of a
fixed portion of the plasma,
as obtained from analysis of a
sequence of still images, is
shown in figure 2.11.

The FTU video system has
operated with satisfactory
results since the beginning of
1997. The quality of the images
is high for the majority of data,
confirming that the strong
magnetic fields and the
window contamination have
little influence.

The limiter emission patterns
regularly observed in the

stationary phases of the discharges are consistent with models of the main limiter-particle interaction, when the
real limiter profile is taken into account.

Several events, such as peripheral arcs, flying debris, gas puffing, runaway interactions, lower hybrid antennas,
and Langmuir probe interaction with the plasma, are clearly distinguishable. Recycling and cold gas distribution
are being studied in greater detail.

A plasma image is shown in figure 2.12.

The major limit on data quality is posed by the restricted dynamic range of the video signal, which means that
discharges with strong density variations can often cause saturation. Also, the standard 25-frame/s rate (though
comparable with most diagnostic devices) can be limitative in some circumstances. The use of "slow scan
cameras" is being considered for achieving higher performance, although they are generally too large for
simple mounting on FTU.

Real-time acquisition will be available in the next experimental campaign, and some user utilities will be
developed to allow access and processing of digitized plasma images immediately after the shot, for comparison
with other data.
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Fig. 2.11 - Evolution of plasma emission in visible light Fig. 2.12 - Plasma image



2.3.3 VUV spectroscopy in collaboration with John Hopkins University

The collaboration between ENEA-Frascati, Johns Hopkins University (JHU), and Lawrence Livermore
National Laboratory (LLNL) originated in an area of interest shared by the scientists involved in fusion plasma
physics and by those studying atomic processes in hot plasmas. A knowledge of the physics of highly ionized,
medium, and high Z-atoms is required in fusion plasma physics in order to enable measurement of the impurity
content and control of impurity production, transport, and radiative power losses. Impurities, intrinsic or
injected into the plasma, are also powerful diagnostic tools for studying the plasma core and scrape-off layer
(SOL). Besides the "typical" tokamak impurities, such as oxygen, iron, and molybdenum, different elements
from inert gases to heavy atoms (such as tungsten) are interesting, either as potential constituents of plasma-
facing components or as "coolants" in radiative edge experiments. On the other hand, fusion plasmas represent
a "laboratory" in which to verify and validate atomic physics calculations whose usefulness reaches beyond
magnetic fusion plasma physics research, e.g., studies on astrophysical plasma. In addition to the existing
spectroscopic x-ray and vacuum ultraviolet diagnostics, a photometrically calibrated extreme ultraviolet grazing
incidence spectrometer (property of JHU), with a wide spectral range (10-350 A) and high resolving power,
was installed on FTU in October 1997. This instrument also allowed calibration of the two gratings (100-300
A and 200-1600 A) of the SPRED spectrometer.

The main purpose of the collaboration is to compare collisional-radiative models for various ions of a large
number of elements, with experimental, calibrated X and VUV spectra obtained from FTU.

A short list of the elements to be studied is given by way of example:

Nitrogen and inert gases (including krypton): as possible candidates for use as "coolants" of the divertor region
in large, reactor-type fusion plasmas.

Xenon: because of its "strategic" position as a bridge between intermediate and high-Z atoms. . ^

Silicon: as a very important element for transport studies. "Q

Calcium, iron, and adjacent atoms: as important in solar and other astrophysical and laboratory plasma studies. u

Molybdenum: as a major player in magnetic confinement fusion experiments. »-»J

Silver and palladium: traces have been observed in several tokamak plasmas. ^

Tungsten and other adjacent elements: as important both in fusion experiments and in x-ray laser research. ^

Part of the experimental program can be performed in a passive way, for example, by studying the off-central t^j
emissions from Mo, Ni, Fe, where transport effects are more evident, by analyzing Mo emission at higher core
temperature, or by investigating the cooling rates of different elements. Other subjects of interest require a few
dedicated shots, such as impurity injection by means of laser blowoff (e.g., to study tungsten as a possible
material for divertor plates) or gas puffing (krypton puffing experiment to develop a database that will be used
to evaluate Kr as a radiative divertor candidate for ITER).

All these studies can be carried out in different plasma conditions in the space of parameters accessible to
FTU, taking into account the availability of radiofrequency sources of LH and ECRH. In fact, the features of
FTU, such as its high-density, auxiliary heating power (LH and ECRH), simple geometry, flexibility of the
experimental programs, the use of metallic walls, and the spectroscopic diagnostics equipment, make this
machine a very interesting tool and almost a unique facility in which to carry out these experiments.

The first experimental campaign of this program was carried out in December 1997 and consisted in studying argon
and krypton in different plasma conditions.

2.3.4 Impurity deposition and material erosion experiments with the sample-
introduction system

At the end of 1996 deposition probes were exposed for the first time in the SOL of FTU by means of the sample-
introduction system [2.9]. In order to get space- and time-resolved measurements of the particle fluxes, each
probe consisted of a graphite cylinder (25-mm diam) rotating inside a fixed titanium shield with two exposure

i '

[2.9] C. Alessandrini et al., Vakuum in Forschung und Praxis (1) 13 (1996) VCH Verlagsgesellschaft mbH, Weinhalm j
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Fig. 2.13- Molybdenum flux in FTU SOL at different times during a discharge a) on the ion side
and b) on the electron side

slits (4-mm wide)
placed on the
electron and ion
(e7i+) side. Rotat-
ion was synchro-
nized with the
beginning of a
given discharge,
and the time reso-
lution was varied
according to the
ratio of the slit
width to the rotat-
ion speed of the
cylinder. The im-
purity flux as a

function of time is evaluated by the atomic deposition along the cylinder circumference, while its radial
dependence is given by the atomic deposition along the axis of the cylinder. The probes were exposed to Ohmic
plasma discharges with a molybdenum toroidal limiter, magnetic field Bj=6 T, plasma current I_=0.7 MA,
average density ne= (0.6-1.5)xl020 m~3. In a few cases identical discharges were repeated for the same probe
to increase the probability of detecting impurities. At the beginning of 1997, the probes were removed from the
tokamak, and the sample surfaces were analyzed by the Auger technique in order to find the amount of collected
atoms. Since the information depth of the technique is only a few angstroms, analysis of the deeper regions of
the sample was done by progressively removing the deposited material with an argon ion beam. Measurements
were performed on four points along the circumference, corresponding to the stationary phase of the discharge
at four different radial positions [2.10]. The results in terms of molybdenum flux are shown in figure 2.13, for
the low-density case (8xlO19 m~3). The total collected molybdenum flux shows a large asymmetry: on the ion
side it is about 3xl0'6 Mo atoms s"1 cm"2, 3.5 times larger than on the electron side, and the radial profiles are
generally quite flat. Simulations of the FTU SOL with the 2-D multifluid numerical code EPIT seem to justify
the profile flatness and show that the e7i+ asymmetry can be accounted for by the shorter magnetic connection
length on the e" side (2.2 m against 7 m).

Simulations inside the core plasma, using an impurity transport code, and a simplified model that couples the
edge and the bulk plasma are in progress to compare these results with the central density and the impurity
influx measured, respectively, by a rotating x-ray crystal spectrometer and by visible spectroscopy.

After the conclusion of these first impurity deposition measurements, the sample-introduction system was
modified to allow erosion tests of ITER-relevant high-Z materials, both during steady state and during disruptive
discharges. The titanium shield was removed and a line of sight was provided to allow visible spectroscopy and
surface temperature measurements. A set of cylindrical samples made of lanthanated tungsten (W + 1% La2C>3 ),
the European reference grade tungsten, was inserted in the sample magazine of the system: two of the samples
were exposed to steady-state and disruptive discharges at the minor radius and at 5 mm inside the last closed
magnetic surface. The tungsten erosion fluxes from sputtering or evaporation were monitored by looking at the
WI line radiation. No direct thermal load measurement was possible, since the infrared detector was not available.
From the electron density and temperature values, as measured by Langmuir probes during steady-state discharges,
and from the thermal energy content of the discharge and the area of the tube flux connected to the sample, thermal
loads of about 8 MW/m2 and 650 MW/m2 were estimated during steady-state and disruptive discharges, respec-
tively. Within the sensitivity of the visible spectroscopy, no tungsten emission was detected during steady-state
discharges. Time resolution was too low to allow meaningful measurements during disruptions. On the other
hand, preliminary optical and scanning electron microscopy postmortem measurements detected no signs of
damage, such as melting, ablation, or cracks. These first sample erosion measurements confirm the good
performance of tungsten in the FTU SOL, which is characterized by low electron temperature [2.11].

[2.10] M.L. Apicella et al., Molybdenum flux measurements in the FTU scrape off layer by deposition probes, presented at
the 13th Int. Conf. on Plasma Surface Interactions, to be published in J. Nucl. Mater.
[2.11] G. Maddaluno, F. Pierdominici, M. Viftori, J. Nucl.Mater. 241-243, 908 (1997)



2.3.5 Neutron diagnostics

The six-channel neutron profile monitor was debugged during deuterium-deuterium (D-D) FTU operation. The
typical measured neutron count rate is 200 c/s at a total neutron rate of 2x1012 n/s in the central channel, and
the interfering breakthrough of gamma events in the neutron channels is less than 0.2%. Measurements of the
background signal showed a need to implement additional shielding, in particular for channels 1 and 2. Neutron
emission profiles were obtained from Ohmic and pellet fueled discharges. Figure 2.14 shows the neutron
brightness profile, obtained by averaging data from five consecutive Ohmic discharges with similar parameters
(ne=1.2xl020 m"3, Ip=700 kA, Bt=6 T): the solid line is a fit on the experimental data assuming a neutron
emission profile of the form S(r/a)= So[l-(r/a)2]an, where an=8. From this measurement, together with that of
the total neutron yield as measured by the BF3 monitors, the ion temperature profile was also derived [2.12].

Within the framework of the ENEA-TRINITI (Troitsk, Russian Federation) collaboration, a portable neutron
spectrometer system using a 2"x2" NE213 scintillator coupled to a photomultiplier has been set up. For the first
time on FTU, using this system it was possible to measure the D-D neutron spectrum (fig. 2.15) from the central
channel of the neutron collimator: the spectrum was obtained from averaging over several Ohmic discharges. A
test of the spectrometer was performed with 14-MeV deuterium-tritium (D-T) neutrons at the Frascati neutron
generator (FNG): the energy resolution was found to be 3.7% at 14 MeV. The energy resolution obtained for FTU
(9.7%) is in good agreement with the equation AE/E=C/(En)^

2, where the constant C is ~14. The acquisition
system was developed using LAB VIEW software and standard CAMAC modules [2.13]. The unfolding program
is FLYSPEC [2.14], which was rewritten and tested in LABVIEW G language.

'« 30 -

S

H 20 -

10 -

-1.0

- J
-0.5 0.5 1.0

r/a

Fig. 2.14 - Neutron brightness profile of
FTU plasma
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Fig. 2.15 - Spectrum of neutron emission
from FTU plasma

The feasibility of using microstrip gas chambers (MSGCs) to measure
neutron emission on FTU has been studied [2.15]. By depositing
boron carbide on the drift cathode of a MSGC embedded in a 10-cm-
thick polyethylene moderator, a sensitivity of 0.1 counts/(n cnr-V1)
is expected, similar to that of the FTU BF3 detectors. A high-energy
threshold (10 MeV) MSGC neutron detector could be obtained by
using palladium as a high-energy neutron converter. The counter
could measure the 14-MeV neutron component from D-T reactions in
a background field of D-D and scattered neutrons.

2.3.6 Upgrading of the two-color interferometer

The first channel of the vibration-compensated CO2

interferometer was installed on FTU and provided routine
measurements of the plasma density at the beginning of 1997.
Mechanical vibrations were compensated by a second
wavelength interferometer (HeNe laser at 0.63 (Am). The layout
of the interferometer and some laboratory tests were presented in
the 1994/95 Progress Report.

In the following, some plasma results and the upgrading of the
system are reported.

Figure 2.16 shows the line-averaged density evolution of a typical
FTU discharge, as measured by the CO2 and DCN interferometers.
The agreement of the two diagnostics is quite good.

The phase of the two-colour interferometer (HeNe and CO2) is

[2.12] B. Esposito et al., First neutron profiles in FTU plasmas, Proc. 24th EPS Conf. on Controlled Fusion and Plasma
Physics (Berchtesgaden 1997)
[2.13] Y. Kaschuck, private communication (1997)
[2.14] D. Slaughter and R. Strout, Nucl. Instrum. Methods 198, 349 (1982)
[2.15] L. Bertalot et al., Application of microstrip gas chambers as neutron detectors in controlled thennonuclear fusion
experiments, presented at the 7th Pisa Meeting on Advanced Detectors, (La Biodola 1997), to appear in Nucl. Instrum. Methods ._• I
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Fig. 2.17 - Path difference of the two
interferometers (k&/2n) measured in a FTU
discharge. The discharge begins at time t=0.
The difference of the two curves is the phase
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Fig. 2.18 - Three pellets were injected at 0.7 s,
0.85 s, and 1.05 s in this discharge. Line-
averaged density as measured by the CO2
interferometer, the DCN, and Thomson
scattering

dominated by vibrations of the mechanical structure, as
shown in figure 2.17. In fact, the HeNe interferometer is
mainly sensitive to just the mechanical vibrations, while the
CO2 phase has contributions both from the vibrations and
from the plasma. The small difference between the two
curves in figure 2.17 represents the effects of the plasma on
the phase of the CO2 interferometer. The line-averaged
density is obtained from the expression

lC0- -"k HeNe

where <1>QQ and ^HeNe a r e the measured phases of the
interferometers, XQQ and A^g^g are their wavelengths, and L is
the length of the plasma cord (L=1.2 m in FTU for a double
pass). All quantities are expressed in MKS units.

Although the plasma contribution to the total phase shift is
small, the vibrations are very well compensated, and the residual
error on the density is about lxlO1^ nr3. This result was
obtained by moving an optical element of the interferometer,
just before each plasma discharge, so that modulation was
induced in the optical path. These forced vibrations allow
systematic errors introduced by the detection electronics to be
corrected. Without this correction, the residual error can be more
than4xl01 8nr3 .

Fast variations in density, such as those occurring during
deuterium pellet injection and plasma disruptions, can be easily
measured by this interferometer. Figure 2.18 reports the density
evolution of a discharge in which three pellets were subsequently
injected. In this figure the data of three diagnostics (CO2
interferometer, DCN interferometer, and Thomson scattering) are
plotted together, showing good agreement. The Thomson-
scattering data were line averaged before comparison with the
CO2 data. The density time derivative was about lxlO25 nr3 s~'
(5.7xlO4 fringes/s for the CO2), while the line density reached a
peak value of about 2.8xlO20 irr3.

Another example, which demonstrates the diagnostic capability of
the CO2 interferometer, is shown in figure 2.19. Here, a fast
magnetohydrodynamic (MHD) oscillation due to the very peaked
density profile is clearly visible on the CO2 density signal. The
same oscillation is also visible on the temperature (ECE
polychromator) and on the soft-x-ray emission, and a similar
one is also seen in figure 2.18 starting at 1.25 s and lasting till
the end of the discharge.

A second channel added to the interferometer in autumn 1997
should provide the density measurement along a chord located
20 cm from the vacuum vessel center. The new scheme was
tested during no-plasma shots and gave some satisfactory
results. In the last campaign the CO2 laser source caused some
concern, but the HeNe interferometer worked as expected. The
CO2 laser will be replaced next spring, and a new layout will
probably be used with new optical elements to match the laser
waist with the plasma waist.
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Fig. 2.19 - Fast MHD oscillations produced in the plasma after pellet
injection and visible on the CO2 signal a). MHD activity also affects
the plasma temperature, as shown by the ECE diagnostic b,c) and soft-
x-ray emission d)

2.3.7 The non-imaging flux
collector as a compact ECE
antenna for ITER

Light collection and transport systems
based on combinations of light pipes and
optical elements have been successfully
used for ECE diagnostics [2.16]. The
application of this scheme in a hostile
environment could be difficult because
absorbing foam is needed as a stop and to
baffle stray light. .For this reason, the
possibility of replacing the lens-stop
combination by a non-imaging flux
concentrator has been considered. The use
of flux collectors based on non-imaging
optical elements [2.17, 2.18] allows the
design of robust self-baffling systems that
define the field of view at the input
aperture and do not require any in-situ
alignment; this is particularly advantageous
when the diagnostic front-end has to be
placed in a hostile environment such as the
one expected in ITER.

Design principles

The non-imaging concentrator (fig. 2.20) is
a hybrid component that allows the
radiation entering one of the apertures to be

collected. In the compound parabolic concentrator (CPC), all rays entering with inclination 8<9e emerge
through the exit aperture, while rays with larger inclination are reflected back. 0e is called the cutoff angle. The
ratio of the exit and entry apertures is

a' / a = sin 0=

and the overall length L is

L = (a/2)-(l + sin9e)/tanee

The 3-D concentrator is obtained by
revolution about the optical axis. The
CPC exit aperture is quite small if a
small cutoff angle is required;
furthermore, the emerging rays are
spread over a solid angle of 271. Hence,
a multiple CPC "throat-to-throat"
configuration is being investigated,
where a second concentrator is mounted
in the reverse direction.

Fig. 2.20 - Meridian section of the CPC profile. The component used here
is a truncated section of a CPC with a 3.58° cutoff angle. Both the basic
design parameters and those of the truncated section are indicated

[2.16] P. Buratti, O. Tudisco, M. Zerbini, Infrared Phys. 34, 533 (1993)
[2.17] W.T. Welford, R. Winston, The optics ofnonimaging concentrators, Academic Press, New York (1978)
[2.18] P. Buratti, M. Zerbini, Multimode light collection systems for ECE diagnostics, in Diagnostics for Experimental
Thermonuclear Fusion Reactors, Plenum Press New York- London (1996) 211



ITER requirements

The spatial localization required for ECE temperature measurements on ITER gives rise to two main constraints
for the light collection system: the antenna pattern width has to be smaller than Az = 15 cm, and in order to
avoid excessive Doppler broadening, very little power has to be accepted outside the angular range Ge with
Ge<5° in the toroidal direction. The required antenna pattern can be obtained using Gaussian beam collection
optics with limited etendue. For Fourier transform instruments covering an extreme wide spectral band,
multimode collection and transportation is preferable because of the higher etendue. For ITER 0e<5°, Az<15
cm, X<3 mm is assumed. It is found that the optimum acceptance angle, including diffraction effects for ITER,
is 9e=2.30° with an antenna diameter in the range 10<a<30 cm, with a typical value of the etendue of an InSb
detector, 0.4 sr cm2, and a distance of 3 m between the low-field side antenna and the plasma center.

Multimode and monomode detection measurements

Compound parabolic concentrators were tested in different configurations. In the multimode configuration
[2.19], a small source was scanned along a circular path centered at the CPC input aperture. A pyroelectric
detector was placed at the CPC output. The sources were a high-pressure mercury lamp to check the features of
the concentrator in the visible range and a 150-GHz IMPATT microwave source to evaluate the effects of
diffraction at ECE-relevant frequencies. The measurements were repeated for the combined CPC, where the
input CPC is matched with a light pipe by a second concentrator and the radiation exciting the light pipe is
concentrated onto the detector by a third CPC. The measured acceptance angle (half width half maximum -
HWHM) in the optical case is 3.2°, and the profile reasonably approaches the ideal shape, which is rectangular
with a half width of 3.58°. At 150 GHz the HWHM of the intensity Airy pattern for diffraction by a circular
aperture is 1.47. The expected final width of the transmission curve can be roughly estimated to be 3.9°, in
reasonable agreement with the measured 4.4°.

The measurements were
repeated in a monomode
configuration, using CPCs with
the same apertures as before
but without the straight
untapered section at the input
side. Pattern measurements
were performed with the 2-D
setup shown in figure 2.21,
exciting the CPC with a TEH
single mode at 156 GHz from a
backward wave oscillator
(BWO) source. The expected
acceptance angle is about 4.5°.
The detection is made
monomode as well by using a
slightly tapered D-band piece
of waveguide and a detector
diode operated in the power
proportional regime. The
detector scans the plane at
constant distance from the CPC
aperture. As shown in figure
2.22,a,b, measurements are
conducted at various distances
in the near- and the far-field
range between 0.4<a2/X,<1.3.

x-y scanning
detector

CPC BWO

— distance < 1300 mm

TE10WG input waveguide transition
TE10-TE11

Fig. 2.21 - Schematic of the experimental setup used for 2-D measurements. The
CPC is fed with a TEH mode from a BWO at 156 GHz. Intensity measurements at
various distances made with a detector scanning a plane

b)
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x (mm)
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Fig. 2.22 - Intensity distribution in front of the CPC antenna at two different
normalized distances: 0.75 (near field) in a) and 1.3 (farfield) in b)

[2.19] P. Buratti et al., Flux collectors for ECE diagnostics on ITER., Proc of the 10th Joint Workshop on ECE and ECRH
(Ameiand 1997)



High order modes are generated by the CPC, and strong polarization scrambling occurs due to multiple reflections
in the concentrator. The HWHM angles determined from the contour plots in figure 2.23 are 4°, smaller than
expected because of the single mode measurement. The cross polarization component shows a power distribution
with four maxima instead of two in the direction of the exciting wave. The total power in the two polarization
directions is identical, demonstrating the polarization scrambling of the CPC. Averaged over the power pattern, the
degree of polarization is zero. The HWHM angle measured in the cross polarization direction is 4.8°. With a
polarization-insensitive detector, the superposition would then lead to a measured pattern in good agreement with
expectations.

Measurements in the far field under the same excitation and detection conditions were carried out with the
multiple CPC system. The patterns differ only very little from those obtained with a single CPC. The power in
both polarization directions is about the same.

These measurements demonstrate that non-imaging flux collectors can be used in cyclotron radiation collection
systems with a narrow antenna pattern and large etendue, as required for Fourier transform spectrometers. Total
radiation scrambling occurs. Polarizers at the entrance are necessary for polarization sensitive measurements.
An alternative technique, which is still under investigation, is to use squared section CPCs.

For polarization-insensitive detection, the circular CPCs seem to be suitable for overview measurements of the
total emission in the O and X modes.



3. Tiasma

3.1 INTRODUCTION
The International Thermonuclear Experimental Reactor (ITER) and the urgent physics problems that the
development of this project involves are of central importance in the past and present research activities of the
theoretical plasma physics group at Frascati. Some results of primary importance in this respect have already
been presented in chapter 1, since many of the theoretical activities are pursued within well established research
programs in common with national laboratories and universities.

More specifically, the problem of achieving better plasma performance, via improved control of plasma
stability, is one of the fundamental motivations of the work on tearing mode stabilization with lower hybrid
waves (LHWs) on the Feedback Stabilization Experiment (FSX, Princeton University) and ITER. Also the
investigations on synergy effects between LHWs and ion Bernstein waves (IBWs) may be considered in the
same research line, although this issue has a broader impact. In fact, the importance of actively controlling the
current density and poloidalflow profiles, in order to control the local plasma confinement properties, is widely
recognized.

The problem of controlling the current density profile is closely related to the research activity on plasma
transport, in which the Frascati Laboratories have a long tradition of interest. On this topic, recent
investigations have embraced a variety of aspects, ranging from computer simulations and modeling of
transport phenomena to analytic studies of microinstabilities. Included in the first category is the work
carried out in collaboration with the Joint European Torus (JET), which has led to the development of a
general, empirically based microinstability transport model. On the simulation side, the parallel
implementation of a lattice Boltzmann algorithm has made it possible to perform high-resolution numerical
studies of nonlinear ion-temperature-gradient- (ITG) driven vortex dynamics. Finally, recent theoretical
analyses, in collaboration with the University of California, Irvine, have demonstrated the importance of
electromagnetic instabilities (the Alfven ITG mode) in fmite-(3 plasmas, in which the instabilities commonly
studied, e.g. ITG-driven, were expected to be subdominant.

In addition to research activities related to thermal-plasma transport, previous work on the confinement
properties of fusion products in ignited plasmas has been further pursued. A new hybrid
magnetohydrodynamic (MHD) Vlasov code has been developed and successfully benchmarked with
respect to the existing hybrid MHD gyrokinetic code. This has put on a firmer basis the self-consistent
simulations of wave-particle interactions of energetic particle modes (EPMs) with charged fusion
products. Parallel simulations with these codes also make it possible to envisage, in the near future, the
study of nonlinear energetic particle dynamics in the presence of EPMs in ITER-relevant plasma
conditions.

As a concluding remark, it is worth emphasizing that the theoretical physics research activity at
Frascati, spanning the year 1997, demonstrates how the investigation of plasma phenomena relative to
plasmas close to ignition conditions may directly and indirectly have an impact on important problems
of research areas focused on more "fundamental" issues. Directly, since they involve the development
of advanced numerical and analytical investigation tools that may be usefully applied to other
problems, e.g., in the case of particle-in-cell (PIC) simulations of charged-particle beams. And
indirectly, because the use of the cultural background peculiar to "fusion" plasma physics may yield a
different perspective on elementary problems, such as for the study of the longitudinal oscillations of a
classical Yang-Mills plasma.



3.2 PARALLEL PIC PLASMA SIMULATION THROUGH PARTICLE
DECOMPOSITION TECHNIQUES

Particle-in-cell codes are among the major candidates for yielding a satisfactory description of the details of kinetic
effects, important in determining the transport mechanisms in magnetically confined plasmas. PIC simulation
techniques consist in following the continuous phase-space evolution of a simulation-particle population, while
taking into account the mutual interaction between each pair of simulation particles by means of an electromagnetic
field, computed only at the points of a discrete spatial grid and then interpolated at each particle position.

The high resolution required, both in physical and in velocity space, for accurate and noise-free simulations has
justified the large efforts in implementing parallel versions of PIC codes. The standard approach consists in
decomposing the physical domain among the different processors, assigning to each of them only the portion
of particle population that resides in the subdomain of pertinence. At each time step, particles that have migrated
from one subdomain to another must be withdrawn from the original processor and assigned to the new one.
The major merit of this strategy is represented by the intrinsic scalability of the physical-space resolution with
increasing number of processors. It is balanced by the numerous difficulties in translating the serial version of
the code into the parallel, and by the serious load-balancing problems that can take place.

An alternative parallelization strategy has, therefore, been developed. It is based on the observation that the
amount of computation related to grid quantities is typically negligible in comparison with the amount related
to particle quantities and consists in statically distributing the particle population among the processors, while
assigning the whole domain to each processor. Partial contributions to the total pressure at the grid points, which

is required to update the electromagnetic fields, are then
communicated among processors and summed together. The
high-performance Fortran (HPF) parallel model is very suitable
for this strategy, whose merits are specular of those of the
previous method The differences between the serial and the
parallel version are very contained, and load balancing is
automatically ensured. On the other hand, the physical-space
resolution is limited by the RAM resources of the single
processor, and the intrinsic scalability of the spatial resolution
is lost. Such a strategy is then particularly suited for target
architectures with a moderate number of nodes.

The results presented here refer to executions of the HPF parallel
version of the hybrid MHD-gyrokinetic code compiled with the
IBM xlhpf compiler (an optimized native compiler for IBM SP
systems), performed on an IBM scalable power system (SP2). A
domain grid with nr=32xiiQ=16xn(|)=8 points was considered;
both the number of processors riprocs (ranging from nprocs=2 to
nprocs=8) and the average number of particles per cell
NppC=Npart/Ngrid (ranging from NPPC=2 to NPPC=1024) were
varied. In figure 3.1 efficiency (=speed-up/number-of-
processors) values are plotted against Nppc/nprocs. The speedup
is defined as the ratio between the sequential-simulation cpu time
and the corresponding parallel-simulation time. Efficiency tends
to saturate at larger values of N P P Q the more the processors since
the average number of particles per cell assigned to each
processor decreases with increasing number of processors, and
the importance of the grid-related calculation tends to overcome
the particle-related calculation. In fact, when plotted against
Nppc/nprocs, the efficiency values approximatively fall on a
"universal" curve. Note that for the largest simulations,
superlinear results are obtained, which can probably be traced
back to memory effects and compiler options.
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Fig. 3.1 - Scaling of efficiency with average number
of particles per cell per processor NppQ/npmcs
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Fig. 3.2 - Gmwth rate of an EPM vs average

Figure 3.2 reports the results of simulations, corresponding to
different values of N P P Q . In particular, the normalized growth



rate y of an energetic particle mode, obtained for a particular set of parameters, is shown. Increasing Npp^ (and
thus the resolution in the velocity space), the growth rate converges to a limiting value. Defining conventionally
the accuracy of the simulation as the relative deviation from this value, the requirement of a certain accuracy
fixes the minimum resolution needed, i.e., the minimum NppQ value (Nppcmin)- Note that the determination of
such a value may depend strongly on the different physical scenarios considered.

Once Nppc~Nppcmjn, is fixed, it is seen from figure 3.1 that the requirement of high efficiency (=1) puts an
upper bound on the number of processors that can be used in a simulation: nprocs<nprocsmax==Nppcmjn/10. For
the particular case considered in figure 3.2, an accuracy of 5% in the determination of the growth rate
corresponds to NppQmjn~120 and nprocsmax~12. Different conclusions, corresponding to a larger number of
processors, can be motivated by the need for a higher value of the speedup (which monotonically increases with
nprocs) and/or larger global-memory resources, in spite of a lower efficiency value.

3.3 HYBRID MHD-VLASOV SIMULATION OF ALFVEN MODES IN
TOKAMAKS

Energetic ions with a typical velocity of the same order as the Alfven speed can be produced in tokamak plasmas
both by auxiliary heating methods and by fusion reactions. Due to their high velocity, they can resonate with
and possibly destabilize Alfven modes. Their confinement properties - of crucial importance for achieving
efficient plasma heating and, therefore, ignition conditions - can in turn be strongly affected by nonlinear
interaction with the Alfvenic modes associated with such instability conditions.

Linear and nonlinear properties of moderate-toroidal-number (n) shear-Alfven modes in tokamaks have been
investigated by using a hybrid MHD-particle simulation code, which solves the coupled set of MHD equations for
the electromagnetic fields and gyrocenter Vlasov equation for a population of energetic ions. The existence of
unstable toroidal Alfven eigenmodes (TAEs) and their kinetic counterpart has been shown for low values of the
energetic-ion pressure gradient. Above a certain threshold value, the energetic particle continuum mode is
destabilized, with a growth rate that rapidly increases with increasing energetic-particle pressure gradient. Figure
3.3a shows the growth rate of the most unstable modes at different values of the energetic-ion p (PH)> f°r three
values of the toroidal number n. The threshold for EPM destabilization exhibits an inverse dependence on n. High-
n EPMs could then be unstable in realistic plasma conditions. Nonlinear TAE saturation appears to be due to the
trapping of resonant energetic ions in the potential well of the wave. Saturation of the EPM occurs, instead, because
of a macroscopic outward displacement of the energetic-ion population, with potentially dramatic consequences on
a-particle confinement. This can be observed in figure 3.3b, which shows the poloidal-plane projection of a typical
energetic-particle orbit, with initial radial coordinate r=0.4a, in the presence of an unstable EPM.

Analogous results have been obtained by implementing a Vlasov code, which solves the same equations as the
hybrid MHD-particle code, but adopting an Eulerian approach for the solution of the Vlasov equation. The code allows
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Fig. 3.3 - Growth rate of the most unstable modes a) at different values of the energetic-ion J5, for three values of the toroidal
number n (note that the threshold for EPM destabilization exhibits an inverse dependence on n), and poloidal-plane
projection b) of a typical energetic-particle orbit, with initial radial coordinate r=0.4a, in the presence of an unstable EPM L'l.
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for a significant reduction (up to a factor of 7) in the memory
requirements of typical simulations, when compared with the
Lagrangian hybrid MHD-gyrokinetic code. This reduction is
particularly important since the memory requirements limit the
highest physical resolution that can be obtained in numerical
simulations and actually forbid investigation of short-wavelength
modes (suspected to strongly affect the confinement properties of cc-
particles in plasmas close to ignition conditions). Figure 3.4 shows
the growth rates obtained at different values of |3H in PIC and
Vlasov simulations. The agreement in the EPM regime is very good.

3.4 PIC SIMULATION OF CHARGED-
PARTICLE BEAM DYNAMICS

Fig. 3.4 - Growth rates of the most unstable
modes at different values of j3jj in PIC and
Vlasov simulations

Particle-in-cell techniques can also be applied to an
investigation of completely different problems, such as the
dynamics of charged-particle beams. One of the most

significant issues in the design of advanced accelerators, e.g., those developed for heavy-ion fusion, is to find
operational regimes such as to avoid significant emittance growth and particle losses. A major source of
emittance growth is due to the intrinsic beam space-charge effects. It has been shown that the Kapchinskij-
Vladimirskij (K.V) beam distribution (the only known collisionless equilibrium distribution function for
periodically focused intense ion beams) exhibits instabilities induced by space-charge effects, causing emittance
growth and particle losses. Moreover, mismatched beams can develop halos; halo ions, in turn, contribute to
emittance growth and can be easily lost. Halo losses can then produce radioactivity in the system and make
continuous operation problematic. Hence, a detailed study of the stability properties and dynamics of the beam
is very important. For beams such that the collective space-charge effects dominate the short-range collisions,
the evolution of the distribution function in the phase space can be self-consistently described in the framework
of a Vlasov model. Particle simulation of this model allows, in particular, a thorough exploration of the features
of the KV as well as of more general distribution functions. A numerical code has been developed to simulate
the particle-beam system in a periodic quadrupole focusing field and is now being tested. The code solves the
coupled set of the Vlasov and Poisson equations for the scalar potential associated with the space charge, and
is suitable both for full-f and for noise-free 8f simulations (the latter is characterized by the fact that only the
deviation 8f from a known background distribution function fg is evolved).

3.5 QUASILINEAR DAMPING OF IBWs
The damping of an IBW across a resonant layer of the minority species of the plasma is calculated in the
framework of quasilinear theory by using the analytical solution of the 1-D Fokker-Planck equation for the ion
distribution function. A strong reduction in the damping has been found using the linear model, which enables
the wave to penetrate to the plasma core towards the fundamental resonance layer of the majority ions. In
addition, a particle flux induced by the sharp spatial gradient of the distribution function across the resonant
layer, due to the IBW field, has been evaluated, showing that modification of the distribution function in a short
radial range generates a flux of particles from the outside that tends to increase the particle density in the
vicinity of the resonance itself.

3.6 POLOIDAL ROTATIONS INDUCED BY IBWs ON FTU
An analytic model based on single-particle dynamics has been developed for shear flow induced by IBWs.

The model could help to find the best experimental parameters (IBW power spectrum, order and location of the
ion cyclotron resonance, plasma composition) for building a transport barrier [3.1, 3.2] at the FTU plasma edge.

[3.1] H. Biglari, P.H. Diamond, P.W. Terry, Phys. Fluids B2, 1 (1990)
[3.2] G.G. Craddock et al., Phys. Plasmas 1, 1944 (1994)



It can also explain the fundamentals of the process that induces poloidal flow: near ion-cyclotron resonance, the ions
can acquire a radial momentum in the wave-particle interaction, so they are subject to a Lorentz force due to the toroidal
magnetic field, that points in the poloidal direction. In the fluid model of IBW-induced plasma rotations [3.3], this
mechanism is embedded in a nonlinear convective term in the balance equation of the poloidal momentum.

A numerical code has been developed to evaluate the plasma rotations induced by IBWs on FTU, following the
fluid model. The power spectrum of the waves launched from the antenna to the absorption layers has been
calculated in the framework of the ray-tracing theory, in a 3-D toroidal geometry, taking into account the full
electromagnetic dielectric tensor without using the electrostatic approximation.

The power threshold needed to obtain an improved confinement regime in the FTU plasma by IBSWs is
calculated to be of the order of a few hundred kW, which is in the range of power available in the experiment.

3.7 PARALLEL IMPLEMENTATION OF THE LATTICE BOLTZMANN
ALGORITHM

A lattice Boltzmann algorithm was developed in the framework of the two-fluid model to simulate electrostatic
turbulence in a magnetized plasma. The ion continuity, momentum, and pressure equations are reproduced, with
the electrons described by the adiabatic response.

The lattice Boltzmann equation (LBE) is a particularly promising numerical method for performing fluid-
dynamics high-resolution simulations. The macroscopic dynamics is simulated starting from a system of
particle populations, moving on a discrete lattice with discrete velocities along the direction of the lattice links.
Particles that arrive at the same site undergo collision, with the collision operator chosen in such a way as to
locally conserve the particle number and the total momentum. After the collision phase, each particle propagates
towards one of the neighbouring sites along the direction of its velocity.

Each ion fluid moment (mass density, momentum density, and pressure) is expressed as a linear combination of
particle populations. The macroscopic equations are obtained by a multiscale expansion of the LBE, similar to
the well-known Chapman-Enskog expansion of the plasma kinetic equation.

A parallel version of the LBE algorithm for the electrostatic plasma turbulence has been implemented using
high-performance Fortran (HPF), which is a set of constructs and extensions to Fortran 90 that allows
parallelism to be imposed in a relatively simple manner and provides a code which is easily portable and
machine independent. The HPF language is based on the data-parallel paradigm. The idea behind the data-
parallel programming paradigm is to focus on collective operations on arrays, whose elements are distributed
over a number of processors.

In 2-D LBE simulations, particle populations and fluid moments are defined on a 2-D spatial lattice lArxmAr,
where Ar is the lattice step, and are expressed as 2-D arrays lxm, which are updated at each time step.

Data-parallel implementation of the code is immediate through a regular domain decomposition. Each processor
operates on the local data relative to its own subdomain and communicates with the other processors when data
belonging to different subdomains are required. In the LBE algorithm, a decomposition of the lArxmAr lattice into
contiguous blocks of dimension lAix(mAr/riprocs), where nprocs is the number of processors, is the most convenient.

The phases relative to computation of macroscopic fields and collisions between particles are completely local
and do not require communication between processors.

After collisions, particle populations propagate toward neighbouring lattice sites along their velocity directions.
Hence, communication between processors is established to calculate the propagated values of particle
populations on the lattice sites belonging to the first and last columns of each subdomain.

With the HPF data-distribution directives, the HPF compiler automatically parallelizes the propagation phase
and establishes the necessary communication between processors. In particular, before the particle populations
propagate, each processor sends data located in the extreme columns of its own subdomain to the processors

[3.3] I.B. Bernstein, Phys. Fluids 18, 320 (1975)
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Fig. 3.5 - Performance increment (speedup)
with respect to serial version plotted vs the
number of processors for LBE algorithm.
Continuous line: ideal speedup

that calculate the evolution of the particle populations in the
neighbouring subdomains and correspondingly receives data
from the (topologically) adjacent processors. This
communication phase is optimized by the compiler putting all
data to send (or receive) on a temporal buffer and sending (or
receiving) them, all at the same time, by a single send (or
receive) call.

Figure 3.5 shows the speedup in performance obtained using the
parallel, instead of serial, version of the LBE algorithm. The
speedup is estimated by the ratio between the elapsed time in the
serial execution and in the parallel. For l=m=64, the communication
phase is quite heavy compared to the computation phase. Indeed,
for nprocs>4 the parallel-version performance decreases with the
number of processors; the overhead associated with the
communication renders the time reduction related to the parallelism
of computation useless. As the lattice dimensions are increased, the
computation phase becomes increasingly significant with respect to
the communication phase, and the parallel-code efficiency
increases until it approaches the ideal speedup.

3.8 LONGITUDINAL MODES IN A CLASSICAL YANG-MILLS
PLASMA

Studies have been carried out on the physics of classical SU(2) and SU(3) Yang-Mills plasma. As is well known,
classical non-Abelian plasmas are currently considered a suitable framework for interpreting some aspects of
relativistic heavy-ion collision phenomenology [3.4]. Starting from the work of Wong [3.5], Kajantie, and
Montonen [3.6], the system obtained by Bhatt et al. [3.7] in the case of pure longitudinal 1-D stationary plasma
oscillations was investigated, and the physical meaning of the phenomenology they observed was discussed. An
analytical method that provides an approximate solution of this kind of system was proposed, and it was shown
that the main physical features may be predicted and interpreted in this framework. The aim was to get a deeper
physical insight into the collective phenomena of non-Abelian plasmas in the relatively simple SU(2) case, in
order to provide a key to interpretation of the results of numerical simulations of the physically more significant,
but much more complicated, SU(3) case.

The nonlinear system describing pure 1-D longitudinal oscillations in a SU(N) quark-gluon plasma may be
written as

X , = - I CO2 r—M.
nN i1 o

(1)

where M] =f^Xj\, are the SU(N) group structure constants, defined by the commutation rules: [\;,A.j]=2ifjjjc?t[4,
where A,; are the Gell-Mann matrices representing the SU(N) infinitesimal generators, cOpjsj is the plasma
frequency, and £ is a parameter measuring the strength of non-Abelian coupling. The dimensionless variables
x; are linear combinations of the gauge fields.

The nonlinear system (1) describes two kinds of motion with different time scales: the linear term gives the

[3.4] P.K. Kaw, Plasma Phys. Control. Fusion 34, (13) 1795 (1992)
[3.5] S.K. Wong, 11 Nuovo Cimento LXV A, (4) 689 (1970)
[3.6] K. Kajantie and C. Montonen, Phys. Scr. 22, 555 (1981)
[3.7] J. Bhatt, P. Kaw, J. Parikh, Phys. Rev. D 39, (2) 646 (1989)



classical plasma oscillations, which are the same as those of an U(l) (Abelian) plasma. The nonlinear term
expresses the non-Abelian coupling between the gauge fields and the particle color charge vector Ia, which are
angular momenta in the color space. This last term, which describes a sort of "precession" in SU(N), is
responsible for the system evolution on a time scale x, which is slow with respect to that of plasma oscillations.
In these variables xj, the totally symmetric linear combination of the gauge fields, also represents the fluid
velocity of the particles [3.7], while Mj may be identified with the variation of the sum of the components of
the color charge vector.

This analytical approach has been successfully used to study interesting SU(2) cases, characterized by a bistable
behavior, whose numerical solution has been shown by Bhatt et al. [3.7]. For sufficiently small values of the
parameter e, the system oscillates between the two quasi-equilibrium states, here called the Abelian and non-
Abelian phases. In the non-Abelian phase the fast oscillations are superimposed on a slower time evolution and
their amplitude is much smaller than the mean value of x\. Remembering that xj represents the fluid velocity
of the light quarks, the non-Abelian phase may be interpreted as a decoupling phase, in which the light quarks
drift freely, moving away from the heavy quark background with an approximately constant fluid velocity;
while in the Abelian phase, they oscillate around this background with a zero mean velocity, as in the case of
ordinary plasma waves in an electromagnetic plasma. This drift phenomenon may be effectively represented by
particle phase space diagrams showing the particle velocity xj as a function of position, i.e. the xj integral over
the time. The transition to the non-Abelian phase may be interepreted in terms of a decoupling on the slow time
scale, which happens when the following condition is verified:

<Iia>=o (2)

where <...> indicates an average over the fast time scale (that of plasma oscillations). Condition (2) means that
during the non-Abelian phase the right-hand side of the first equation of the system (1) averages to zero. In
terms of Mj, condition (2) implies that Mj saturates to a constant value, as is verified by numerical simulations.

By using the multiple-scale analysis technique and the first integral method, an equation is obtained for X[ that
is analogous to the energy conservation law for a particle moving in an effective potential:

eff (3)

where x\ is the leading-order term of xj.

Such a potential modifies its shape during the time evolution of the system over the slow time scale x. If a<0
the effective potential admits only one stable equilibrium, which corresponds to the solutions with zero mean
value over the fast time scale. This situation corresponds to the Abelian phase of the system. In this case, the
solution Xj is quasi-harmonic. The phase space diagrams of the system (see fig. 3.6) show that in the Abelian
phase the orbits are ellipses centered in the origin, corresponding to harmonic solutions for x[0^. During

evolution over the x scale, the ellipses modify their form,
tending to a two-lobe shape. Once the transition has taken
place, the system chooses one of the two lobes, and the orbit
becomes smaller and centered at a nonzero value, which is
the average of xj on the fast time scale. The transition can be
considered in terms of a shape modification of the effective
potential. The condition a<0 corresponds to the Abelian
phase of the system, and during the transition from the
Abelian to the non-Abelian phase the function a(x) grows.
When a>0 the effective potential admits two orbits of stable
equilibrium, which correspond to solutions having nonzero
mean value on the fast time scale. This is exactly the
situation of the non-Abelian phase.
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Fig. 3.6 - Phase space diagram of the system
described by equation (1) in the SU(2) case

The numerical simulations performed for the SU(3) case
show that the system, after an Abelian phase characterized



by classical fast plasma oscillations, experiences a transition to a non-Abelian phase, characterized by much
slower oscillations on which small-amplitude fast oscillations are initially superimposed. The amplitude of
these oscillations vanishes rapidly so that X]=<X)>, and the system does not show any sign of returning to
Abelian behavior. Of course this non-Abelian phase is decoupling, and the quantity Mj saturates to a constant
value, in complete analogy to the SU(2) case.

The decoupling effect results in a dramatic increase of the physical space (the integral of xj) accessible to the
system in the non-Abelian phase.

3.9 NONLINEAR SATURATION OF TAE MODES DUE TO DENSITY
MODULATION

Nonlinear saturation of TAEs due to mode-mode coupling is investigated both analytically and numerically. It
is demonstrated that, as the mode amplitude increases, a fine structure density modulation associated with the
short scales excited in the nonlinear TAE mode structure causes enhanced energy dissipation, which eventually
leads to mode saturation.

The nonlinear equations for the time evolution of TAEs are derived and an analytical estimate of the saturated mode
amplitude is given. Analytical predictions are compared with results of numerical computations, showing exact
agreement for the scaling of the saturated mode amplitude with Bs=kg ps and the inverse aspect ratio £=a/R(). Here,
kg is the poloidal wave vector, ps=c2irij(Te+Ti)/(e2B2) and a(Ro) is the minor (major) radius of the torus. The
magnitude of the numerically obtained saturated fluctuation levels, assuming finite dissipation, is shown to
asymptotically approach that predicted analytically for a nondissipative system in the limit of vanishing dissipation.

The importance of the above-discussed mechanism for nonlinear saturation of TAEs is discussed, and
comparisons are made with models proposed in other recent nonlinear studies.

In a low-(3 (P=87:P/B2=O(a2/r0)) toroidal plasma, the vorticity equation describing the dynamic evolution of a
shear Alfven wave may be written as

i 3 V i d 3 on

v;B ——5d> T V . ( 1 +—^-)V.8<b = O . (4)
A 31 B 31 V 3 t 2 L n -L V W

Here,vA=B/V47rnnij is the Alfven speed, 3/<91=(l/B)B«V, and ± indicates the direction perpendicular to B. Note
that the ballooning-interchange term has been neglected in (4), consistent with the assumption of a low-p
plasma equilibrium.

The term 8ns/n in (4) accounts for low-frequency, short (radial) scale nonlinear density fluctuations due to the
ponderomotive force (1/CB)B.8JX5B*. Assuming isothermal responses of both electrons and ions:

8n s _̂  C2
c

n 4rai(T +.)a>l
e i U

(5)

Here, the subscript h refers to the high-frequency pump-waves of a TAE mode with angular frequency

In the following, the ballooning mode representation [3.8] is used for the fluctuating field 8(|), i.e.,

'T +T.
— I e

e
x ' in

+„ (6)
O(nq-m)= fe i ( n q~m ) e ^ ^ -d9

[3.8] J.W. Connor, R.J. Hastie, J.B. Taylor, Phys. Rev. Lett. 40, 396 (1978)
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Fig. 3.7 - Linear (upper) and nonlinear (lower) mode
structures in q-space. The formation of infinitely extended
mode structures in the nonlinear phase is evident

Fig. 3.8 - Scalings of the mode amplitude at saturation
vs eg and bs

where s is the magnetic shear. Nonlinear saturation
occurs due to the appearance of singularities

(bifurcations) in the mode structure above a critical mode amplitude discussed in [3.9]. In 8-space, this results
in the formation of infinitely extended mode structures, as shown in figure 3.7, where linear and nonlinear mode
structures are compared. The saturation amplitude, *Fc(9=0), can be computed analytically and is given by

^ 1 / 2(0 = 0) = (V w 1 / 2 AA , where EQ=2(T/RQ+A') and

A - l (A2+A + l)1

(7)

where A=(4/eo)(co-co0/coA) and co is the nonlinear mode frequency, to be determined from the nonlinear
dispersion relation A = ANL(A£ I s) •

In figure 3.8, the numerically obtained scalings of ^*c(8=0) agree well with those predicted analytically.
When comparing the saturation level of the numerical simulation with that obtained analytically, it is
necessary to recall that (7) holds in the absence of dissipation, whereas numerical results are obtained
with dissipative boundary conditions at the limits of the simulation box in q-space. The saturation level,
predicted analytically for £o=O.2, s=1.0, and bs=1.0, is vPc(9=0)=5.32xl0-3. In the limit of an infinite
simulation box, the numerical result is expected to approach the theoretical prediction from below. In
fact, for the present simulation parameters, for a box size of 6^OX=300 the saturation level is
vFc(9=0)=4.2xl0-3, whereas for 0box=4OO it becomes xPc(9=0)=5.2xl0-3 (cf. fig. 3.7), in good agreement
with the analytical prediction.

The saturated mode amplitude in terms of magnetic fluctuation level is given by 8Br/B«p1/2e . This saturation
level is comparable with those obtained in previous investigations; e.g., the saturation due to SExSB*,

^/Oiq), and that due to ion Compton scattering, dB/B^e^y/co)!^ [3.10],

I

3.10 RESONANT EXCITATIONS OF ALFVEN MODES BY ENERGETIC
PARTICLES IN TOKAMAKS

The dependence of TAE instability on acore=-q2Rop was investigated using a recently developed high-n
gyrokmetic-magnetohydrodynamic simulation code [3.11] in which the energetic particle dynamics are treated
nonperrurbatively. The results are shown in figure 3.9, where all parameters (e = r/R=0.1, magnetic shear

[3.9] F. Zonca et al., Phys. Rev. Lett. 74, 698 (1995)
[3.10] T.S. Hahm and L. Chen, Phys. Rev. Lett. 74, 266 (1995)
[3.11] R.A. Santoro and L. Chen, Phys. Plasmas 3, 2349 (1996) • ^ f:K-
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Fig. 3.9 - A transition from the TAE to the KBM occurs
as acore increases, o TAE. A EPM branch of the KBM

s=0.32, energetic particle velocity normalized to the
Alfven speed v£/vA=1.0, ag=0.121) are fixed except for
°xore> a nd t n e growth rate is maximized as a function of
kg. Consistent with theoretical predictions for the TAE,
cur decreases as cxcore increases. In fact, oor for the TAE
lies inside the lower continuum for co^O.lO as predicted
theoretically [3.12], The key difference between these
new results and past theoretical predictions based on
perturbative treatments of energetic ion dynamics is that
here several possible modes (such as energetic particle
modes) are considered instead of just the TAE. This is
important because once the TAE approaches the lower
continuum it is no longer the dominant mode. There is a
transition to the EPM branch of the kinetic ballooning
mode (KBM/EPM). In contrast to the TAE, the growth
rate of the KBM/EPM increases with acore as oor moves

further into the lower shear Alfven continuum. As shown
in figure 3.9, it is possible to observe both the TAE and

KBM simultaneously near the transition point where their growth rates are comparable. In addition, it should
also be noted that to achieve this type of transition there must be sufficient energetic particles OC£>OC£0 where
CCEO=O-O5. It should be emphasized here that these low-frequency unstable continuum modes are EPMs, not
ideal ballooning instabilities. The transition from TAE to KBM/EPM occurs below the ideal ballooning limit,
and hence co*=0 has been set for simplicity and the focus is on the EPM rather than the KBM gap. The inclusion
of CO*, and finite ion compressibility has been discussed earlier in this report. The transition is also indicated by
the change in the ky spectrum. As shown in figure 3.9, ky decreases significantly with increasing acore . This
type of transition from TAE to KBM is consistent with the transition from the TAE to the [3-induced Alfven
eigenmode (BAE) observed in DIII-D.

The previous results qualitatively agree with the findings of hybrid MHD-gyrokinetic simulations [3.13]
of low-toroidal-mode-number Alfven modes. Figure 3.10 reports the results of linear simulations, where
the linear growth rate and the real frequency of the most unstable mode are shown at different values of
the ratio between the energetic-particle on-axis density ng and that of core ions nj. Only modes with
toroidal mode number n=4 and poloidal mode numbers ranging from m=4 to m=8 are retained. The initial
energetic-particle population is Maxwellian, with thermal velocity equal to the Alfven speed. At low

values of energetic-particle density, a regime
characterized by weakly unstable TAE with growth
rate increasing linearly with n£ is observed. The real
frequency, in this regime, is well inside the gap. At
intermediate values of ng/rij, the real frequency
decreases, merging into the lower continuum.
Correspondingly, the KTAE turns out to be the most
unstable mode. Its growth rate exhibits a weak
dependence on ng/rij, because increasing n£ tends to
enhance both drive and radiative damping [3.14].
Above a certain threshold in ng/tij, the energetic
particle continuum mode appears, with growth rate
sharply increasing with rig. The real frequency is
deeply inside the lower continuum. Note that this
result is analogous to that of figure 3.9, where a
similar transition from TAE to EPM is observed as
the core plasma pressure gradient increases.
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Fig. 3.10 - A: linear growth rate. : real frequency at
different values of ng/rtj. Only modes with toroidal
mode number n=4 have been retained

[3.12] F. Zonca and L. Chen, Phys. Fluids B5, 3668 (1993)
[3.13] S. Briguglio et al., Phys. Plasmas 2, 3711 (1995)
[3.14] R.R. Mett and S.M. Mahajan, Phys. Fluids B4, 2885 (1992)



3.11 TOKAMAK OPERATION REGIMES FREE OF TAEs

For the frequency range cosco^/2, kinetic TAEs may be considered stable or moderately unstable, since they
merge into the EPM branch when they are strongly driven [3.15]. Due to their peculiar nature of being localized
in space and frequency where the energy source is strongest, EPMs may have severe consequences on
energetic-particle confinement. Hence, it must be emphasized how necessary it is to avoid exceeding the local
threshold for EPM excitation, due to the otherwise possible degradation in plasma performance. Analogously,
it is important to address the issue of whether it is possible to have tokamak operation regimes that are also free
of TAEs [3.16].

It is well known that, under certain plasma conditions, ideal TAEs can be shifted downward in frequency and
out of the toroidal frequency gap in the Alfven continuum. For high toroidal mode numbers (n) and for an (s,a)
model equilibrium [3.9] (s is the magnetic shear and a—q^RgP'), this has been shown to occur for a>ac(s), i.e.,
above a critical threshold in the core plasma pressure gradient. In the case of realistic ITER-relevant plasma
equilibria, the local threshold cxc(s) of the (s,ct) model corresponds to a threshold in the core plasma P on axis,
PQ. The existence of such a threshold, which forces TAEs to exist only outside a certain plasma region, may
have a practical importance, if the plasma region free of TAEs could be made to coincide with the region
occupied by most of the energetic fusion products. In fact, this may demonstrate that there exist tokamak
operation regimes free of ideal TAEs for PQ> Poc a nd below the excitation threshold of the EPM branch. Such
regimes are the most desirable in a reactor-relevant plasma since they are affected, at most, by moderately
unstable KTAEs [3.16].

Previous studies have analyzed this problem both for (s,oc) model equilibria and for more general model
equilibria, and included the possibility of accounting for the shaping of magnetic flux surfaces [3.16], Recently,
further progress has been made, and global eigenmode analyses with the 2-D-WKBJ code [3.16] can now be
made for general equilibria, assigned by giving the plasma poloidal flux T(R,Z) on a rectangular (R,Z) grid,
together with the arbitrary equilibrium profile functions, e.g., plasma pressure and poloidal current. As an
example, figure 3.11 shows the results for a JET equilibrium, with a/Ro=O.423, elongation K=l .68, triangularity
8=0.3, normalized current IN=I/aB=1.248 MA/(T m), qo=O.9, qa=6.15, po=15.O5%, and average P=3.41%.

Note that here only modes bounded between turning point pairs 6)c=(0,7t) are possible, where 9[cJ(kr/nq>), which
is consistent with theoretical expectations. Analogously to previous findings [3.16], the possible modes of "type
2" and "type 3" are heavily damped due to their strong coupling to the continuous spectrum. In fact, the 9̂ =71

turning point is not even shown on a large fraction of the
0.6 i 1 plasma column because it has already merged into the

Alfven continuum (lower for "type 2" and upper for "type
3") due to finite-P frequency shift. In the figure, a peculiar
new feature can be noted, which was not present in the
Alfven spectrum of the previously discussed model

0.3 h ~Oo°<£% W equilibria [3.15, 3.16]; i.e., the presence of "type-3" modes,
characterized by odd-mode parity along the field lines, the
opposite of the even-parity "type-1" and "type-2" modes.
The only possible weakly damped TAEs are "type 1" and
cover only a minor portion of the plasma column.

As a concluding remark, it is worth emphasizing that global
eigenmode studies of ideal TAEs in realistic ITER plasma
equilibria can be performed with the newly developed tool.
Work is still needed to include in the present analysis a
complete description of core plasma and energetic particle
kinetic contributions and to give a full description of the
Alfven wave spectrum, including kinetic TAEs, EPMs and
low-frequency BAEs and KBMs.
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Fig. 3.11 - TAE gap structure (circles) and
normalized mode frequencies vs dimensionless
radial coordinate p. Double-arrow lines
qualitatively indicate radial extent of a global
eigenmode with given eigenfrequency. The
eigenmodes are bound between turning point pairs:
9^= 0 (solid lines); Qk=p (broken lines)

I

[3.15] F. Zonca and L. Chen, Phys. Plasmas 3, 323 (1996)
[3.16] S. Briguglio et al, Proc. 16th IAEA Conference (Montreal 1996) Vol. 2, 543



4.

4.1 INTRODUCTION
The main objective of the IGNITOR experiment is to study the conditions for achieving ignition in D-T plasmas
(see 1994-96 Progress Reports).

The funding of 29.4 billion liras assigned by the Italian Government to the IGNITOR project [4.1] in 1994
covers the following topics;

a) detailed engineering design of the machine core;

b) manufacturing of full-scale prototypes of the poloidal field coils (PFCs) and one central core machine
module;

c) collaboration with the Turin Polytechnic.

The manufacturing contracts were deferred until issue of the IGNITOR Engineering Design Report in spring
1997. However, due to delays in the real availability of the funds assigned to ENEA, by the fall of 1997 only
the contracts pertaining to items a) and c) had been stipulated with the CITIF Consortium (FIAT, AVIO,
Ansaldo) and Turin Polytechnic, and all the 1997 activity was slowed down. In spite of the setback, important
work was performed and some results were obtained, for example:

* better understanding of the physics conditions of the IGNITOR machine operation, based on accurate
examination of the database recently produced by the high magnetic field Alcator C-mod and FTU machines;

« preliminary design of the radial electromagnetic press concept and dynamic structural analyses of the plasma
chamber, taking into account the asymmetric loading;

« ion cyclotron resonance heating (ICRH) antenna analysis and design activity;

• final machining of the manufactured C-clamp to fully match the as-built geometry of the mating toroidal field
coil (TFC), which successfully completed production of the first full-scale prototypes of the main machine
components (innermost coil of the central solenoid, one C-clamp, and one TFC).

4.2. PHYSICS BASIS

4.2.2 New Developments

Extensive simulations of the plasma evolution during current ramp and flat-top were carried out by the free-
boundary 11/2-D code JETTO (fig. 4.1). After completing the 12-MA reference scenario, using the transport
simulations reported in [4.2], the alternative scenario with lower plasma current (11 MA) and longer flat-top
(4 s) was analyzed. Sawtooth instabilities were simulated for the 11-MA scenario by adopting a Kadomtsev-like
model. The results show that ignition can still be reached, although transiently (fig. 4.2), provided that the
sawtooth region does not exceed 25% of the plasma volume.

The influence of the boundary temperature on the overall performance was also investigated for the nominal

[4.1] B. Coppi, et al., IGNITOR program, engineering design description - Vol. II, RLE Report no PTP 96/03 (1996)
[4.2] A. Airoldi, G. Cenacchi, Nucl. Fusion 37, 1117 (1997)
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12-MA scenario. For all analyses, density is the main
parameter in following the path to ignition, but some other
items require attention, such as plasma shape and
dimensions, current density profile, and impurity content. To
avoid instabilities and to optimize the parameters involved
(such as a-power and peak temperatures), ignition must be
reached immediately after the current ramp.

Results confirm that carefully programmed current and density
rise can assure Ohmic ignition for both scenarios, without
requiring enhancement over the energy confinement time
predicted by the most pessimistic scaling (L-mode regime). Even
when more pessimistic assumptions prevent full ignition, a
central ignited core is present anyway (fig. 4.3).

4.2.2 Instabilities

The stability of n=l internal modes in IGNITOR plasmas was
investigated using a self-consistent approach. In fact, both the
ideal magnetohydrodynamic (MHD) perturbed potential energy
(modified by a-particle effects in the case of IGNITOR D-T
plasmas) and the other significant parameters (resistivity,
diamagnetic frequencies, ion Larmor radius) for stability analysis
are computed self-consistently from the same model equilibrium.
For a given set of parameters, the mode (complex) frequency is
then determined by solving numerically with a shooting code the
model equation that describes the plasma dynamics inside the
"inner layer" around the q=l resonant surface. For this equation,
the model discussed in [4.3] was adapted to the case of a
collisional plasma. For IGNITOR, it is found that stability at the
temperatures of interest for ignition requires pressure profiles

that are not too peaked and (more importantly) a q profile with a small radius of the q=l resonant surface [4.4].

Computation of the ideal MHD perturbed potential energy relies on an expansion in the inverse aspect ratio and
may therefore be limited in its applicability to a configuration like IGNITOR's. Investigation of this issue calls
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[4.3] B. Coppi, P. Detragiache, Ann. Phys. (N.Y.) 225, 59 (1993)
[4.4] P. Detragiache, Bull. Am. Phys. Soc. 42, 1835 (1997)



for detailed comparison of the "analytic" theory results with those obtained by ideal MHD numerical stability
codes such as the PEST-1. Work in this area has just begun.

4.3 ELECTROMAGNETIC ANALYSIS

4.3.1 Radial electromagnetic press

The radial electromagnetic press will be powered after plasma startup to avoid any additional stray fields during
this critical phase.When the plasma is present, the poloidal magnetic field produced in the vacuum vessel region
because of the press can be easily corrected by small changes in the poloidal coil currents (mainly in coil 14).

The radial forces on the electromagnetic press are due to interactions between the currents in the inner and outer
press coils, and between each current in the press coil and the poloidal magnetic field produced by the plasma
current and all 14 coil pairs of the poloidal field system. The most convenient direction to choose for the current
in the inner press coil is that of the plasma current. In this case a gain of about 25% is obtained in the radial
force with respect to the force due to electromagnetic interaction with the outer press coil. This choice reduces
the current density in the press coils and hence also the temperature increase during the pulse; it also reduces
the external force acting on the outer press coil, thereby facilitating mechanical containment. It should be noted
that the design scenarios for the magnetic press (i.e., the maximum currents needed on the press coils) are those
related to high-q operation (B-p=13 T, Ip of the order of 5 MA).

4.3.2 Poloidal field coil system

A new 2-D code has been developed to evaluate the electromagnetic load distribution on the PFC system and on g
the vacuum vessel. Both normal and off-normal plasma electromagnetic transients, such as plasma disruptions, g
were considered. The effect of eddy currents induced in the poloidal coils during a vertical displacement event > • •
(VDE) and during fast current quench was taken into account. The calculated axial forces achieve their maximum
values (1070 t for the poloidal coils and 1470 t for the vacuum vessel) at the end of the VDE. ^

4.3.3 Cryostat

The electromagnetic effects of a stainless steel cryostat on flux losses and plasma vertical stabilization were
evaluated using a lumped circuit model of the main conducting structures surrounding the plasma. From the
main eigenvalues for symmetric and antisymmetric excitations with respect to the equatorial plane, it was found
that the effect of a metal cryostat on vertical growth stabilization can be considered negligible for up to about
1-cm-thick stainless steel. On the contrary, to limit the magnetic flux losses to within acceptable values (about
0.1 Vs), the total toroidal resistance of the cryostat should be equivalent to a stainless steel layer of few
millimiters' constant thickness (for each mm 0.1 Vs are lost).

4.4 MACHINE ENGINEERING

The main activities on the machine design concerned verification of the dynamic behavior of the plasma
chamber in an elasto-plastic regime and detailed design of the first-wall tile system. Further work was carried
out on a preliminary stress analysis of the radial electromagnetic press, detailed design of the external poloidal
field-coils (from coil 7 up to 14), and completion of the TFC prototype construction. Finally, preliminary studies
of the plant layout outside the cryostat were started.

4.4.1 External PFCs

Design of the external PFCs was completed, and all the documents related to materials requirements, the
insulation system, brazing qualification, manufacturing procedures, specification tests, and cooling analysis are
now available.

The external coil assembly (coils 9-14) consists of 6+6 coils, symmetrically located with respect to the machine
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Electromagnetic
press coils
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equatorial plane (fig. 4.4). The
primary function of the assembly
is to control the plasma position
and shape: coils 9 and 10 are used
for shaping the plasma configur-
ation, providing the required
magnetic flux at breakdown, and
controlling plasma elongation.
Coils 11 and 12 control the
triangularity and vertical position
of the plasma. The primary
function of coils 13 and 14 is to
ensure the horizontal plasma
equilibrium (i.e., the major
radius). Coils 13 and 14 together
with coil 11 are used also to
establish a multipolar field confi-
guration at breakdown, which
facilitates control of the region
where the plasma column is
formed (i.e., a poloidal field null
on the equatorial plane and an
average poloidal field gradient
around the null point as low as
possible: 3.2xlO~2 T/m has been
obtained).

Fig. 4.4 - PFC system cross section including the electromagnetic press

A high-conductivity oxygen-free
copper alloy (CuOHFC, 0.15%
Ag) has been selected for coil
pairs 10-11 and 14 in order to

keep the end-of-pulse coil temperature within an acceptable value and hence minimize the dissipated thermal
energy in the coils. A material called Glidcop, with enhanced mechanical properties (dispersion-strengthened
copper, 0.3% aluminum oxide), and with higher electrical resistivity compared to the oxygen-free copper alloy,
has been chosen for the other PFCs (pairs 9-12 and 13).

The PFCs will be manufactured using wound hollow conductors (bore id of 8 mm) obtained from bars of
rectangular cross section joined by brazing. The insulation between turns and vs ground is made from fiber glass
and Kapton tapes vacuum impregnated with epoxy resin. Cooling is obtained by forced circulation of helium
gas at cryogenic temperature. The initial temperature of the coils before a plasma discharge will be about 30 K.

The final average tem-
perature will not
exceed 90 K in any of
the external poloidal
coils after the longest
pulse at the maximum
envisaged plasma per-
formance operation.
The cooling time for
the PFCs in these
scenarios will be be-
tween 2 and 3 h.

The main charac-
teristic data of the
external PFCs are
given in table 4.1.

Table 4.1 - Main characteristics of the external PFCs

Coil
no

9

10

11

12

13

14

Conductor
material

Glidcop

CuOHFC

CuOHFC

Glidcop

Glidcop

CuOHFC

Type of
winding

parallel

parallel

parallel

parallel

parallel

pancake

Inner diam
(mm)

1392.8

1933

3398

3763.2

4219.6

4604

Weight
(kg)

3160

4090

2330

2800

7680

14990

Number of
layers

8

8

6

4

6

8

Total active
turns

87

87

29

31

77

141



4.4.2 Plasma chamber structural dynamic analysis

On the basis of experimental evaluations of the halo currents flowing through the plasma chamber during a
current quench following a typical VDE, the structural integrity of the plasma chamber was verified by means
of a dynamic elasto-plastic model of the entire (360°) structure, assuming an applied load with a toroidal
peaking factor of 2. The plasma chamber proved to be able to withstand several thousands of cycles under
plasma disruption conditions.

A typical VDE induces eddy currents on the plasma chamber and large halo currents (HCs) locally, where the
plasma first comes into contact with the first wall. All these currents, in turn, determine heavy and highly
nonsymmetric dynamic loading (fig. 4.5) on the whole structure, which could generate stresses beyond the yield
stress. Hence, due to the uneven load distribution and the nonlinear behavior, structural analysis has to be
performed for the full 360° vacuum chamber, using a dynamic computer code.

Structural analysis of the plasma chamber was carried out with the ABAQUS code [4.5]; the whole chamber
was modeled through a mesh of 6624 double-curved, 8-node, thick-shell elements, with 6° of freedom per node
[4.6]. The radial and toroidal support system was described by spring elements. The ports are fixed in the y
(vertical) direction, in correspondence to the middle of the ports themselves. The plasma chamber material was
modeled considering strain hardening and the elastic-plastic behavior of the material and taking into account
dumping due to stiffness and mass effects.

A typical VDE was considered as input data: plasma displacement up to 14 cm in about 37 ms, followed by
thermal quench in about 1 ms; plasma current quench in 5.2 ms, and simultaneously a HC (HC=25% L, i.e.,
3 MA, with a peaking factor equal to 2, as given by relevant experimental data), reaching its maximum value 2
ms after the beginning of the current quench.
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Figure 4.6 shows the calculated displacement transient
at the maximum displaced point: the maximum
displacement (elastic+plastic) is 15.6 mm with a plastic
permanent displacement of 2 mm; the natural period of
the excitation is 20 ms, corresponding to a frequency of
50 Hz. Figure 4.7a shows a deformed plot of the plasma
chamber at t=39.0 ms when the displacement is
maximum owing to HCs; figure 4.7.b, the same at
t=47.09 ms when the total deformation of the chamber is
maximum.
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Fig. 4.5 - Forces due to halo currents and to
thermal and current quench on the most loaded
chamber sector vs time: in a) radial and b) vertical
directions

0.2 0.4 0.6 0.8

Total time

3
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[4.5] Hibbit, Karlsson, Sorensen - ABAQUS Finite Element Method code version 5,5
[4.6] G. Mazzone, A. Pizzuto, Transient behaviour of the IGNITOR plasma chamber under vertical displacement and
halo current event, ERG/FUS/TECN/MEC, IGNITOR, 97/CV/01



Fig. 4.7 - a) Deformed plot corresponding to the maximum
displacment due to halo currents (1=39 ins), b) Deformed plot
corresponding to the maximum displacements (t= 47.09 ms)

The maximum values of the cumulative
plastic strains (0.364% for the internal
surface, 0.356% for the membrane, and
0.472% for the external surface) are well
within design code standards (which allow a
maximum strain of 1% averaged through the
thickness, and inelastic strain accumulated
in the weld region below one half of the
strain values allowed in the parent material).
The low-cycle fatigue lifetime, corres-
ponding to the calculated plastic strains, is
80,000 cycles (40,000 cycles in the weld
regions), which is well above the number of
cycles expected for predictable disruption
events at maximum performance. The
welding regions are also within the limits
prescribed by the design code.

I

4.4.3 First-wall structural analysis and limiter system

System description

The first-wall (FW) system consists of 18-mm-thick molybdenum tiles (graphite tiles can also be used if necessaiy)
supported by 5-mm-thick Inconel tile carriers (fig. 4.8). Each tile earner bears eight tiles whose shapes and
dimensions depend on the vacuum vessel region they are installed in. Due to the severe loading conditions during
plasma disruptions, the number of attachment points is rather high, i.e., five per earner. Two of the points, which have
tight tolerances, withstand both shear and radial loads; the other three leave the tile earner free to expand and react
only to the radial forces.The tiles cover the entire surface of the plasma chamber, so the FW basically works as a fully
extended limiter (in some plasma configurations only the inner part of the FW acts as a limiter).

The major advantage of this solution is the large contact area that the heat load can spread over: from the total
FW surface (36 m2), for a plasma configuration filling the entire cavity, to the inboard wall area (12 m2), for
plasma detached from the outboard wall.

Bushing Carrying
Shear Without

Thermal, electromagnetic, and structural analysis

The FW has to withstand thermal loads, as well as electromagnetic loads due to eddy and halo currents,
both in normal operating conditions and in the case of plasma disruptions. A detailed 3-D finite-element

model of a typical FW element
including the tiles (graphite was
chosen for this calculation), the
back plate, and the fasteners in
Inconel 718 has been developed.
Considering the symmetries, only
1/4 (2 tiles) of the FW element was
modeled. Thermal, electro-
magnetic, and stress analysis of the
FW element was carried out using
the ANSYS code (Rev. 5.2 version).

Tile Fastening

Vacuum Chamber

Plate

Fig. 4.8 - First-wall tile carriers

Two thermal load conditions were
considered, assuming 20°C as the
starting temperature of the FW
element:

• uniform heat flux distribution
equal to 1.25 MW/m2 on the tile
surface;



Table 4.II - Thermal stress analysis, Q=0.5 -1.25 MW/m2 linear » linear variation of the heat flux
distribution on each tile, from 0.5

Component Max stress MPa Allowable stress MPa MW/m2 (at one edge) up to 1.25
MW/m2 (on the opposite edge).

Tile

Tile fastener (molybden.)
Tile fastener (Inconel)

Inconel plate (flexural)

Inconel plate (peak)

13.3

362
325

450*

620

>0.20

397=1
420=1

425=1

>850

.5 Sm (Sm=265)

.5 Sm

.5 Sm

In both conditions, a constant-rate
heat flux lasting 4 s was assumed
(rectangular pulse). The maximum
thermal gradient was always
reached at the end of the 4-s pulse,
so the stress analysis was carried
out at the same time. The highest
stresses were obtained for the case

acceptable using ASME app. 1, table 1.2.4 coefficients for permanent strain limiting factor ~ . ̂  , ~

of uniform heat flux.

The highest electromagnetic loads on the FW element are present during a plasma disruption and are due
to the halo current. A uniform current density of 4.5 MA/m2 flowing from the plasma to the FW through
the tile surface was assumed. The ANSYS code was used to compute the current density (J) distribution
in the FW element, and an ad-hoc model was adopted to calculate the magnetic fields (B). Then the JLB
forces were introduced in the 3-D structural model (the same as used for the thermal stresses calculation)
in order to evaluate the stress distribution in the FW element. Table 4.II shows results of the stress
analysis.

4.5 ICRH SYSTEM ^

4.5.2. Development of the ICRF antenna b

Design and analysis of the ICRF antenna was carried out by a team from the Turin Polytechnic in cooperation ^
with ENEA Frascati, Princeton Plasma Physics Laboratory (PPPL), and Oak Ridge National Laboratory
(ORNL). Because of the importance of the ICRF system in IGNITOR, and the relative power injection
requirements, a new, accurate analysis code was developed on the basis of the possible heating scenarios studied
in 1996 [4.7]. The activity was oriented in two main directions: a more realistic modeling of the plasma, and
the insertion of self-consistency in the calculation of the current along the antenna.

4.5.2 Plasma modeling

Corrections to the weakly dishomogeneous plasma were introduced. The emphasis was on a formulation that
can be integrated in an antenna analysis code with good numerical efficiency. The mode conversion layer was
accurately modeled using an analytical expression with a coefficient obtained through a code given by
Swanson. The high-field-side cutoff was added to the model, using results in the literature. The density gradient
responsible for the continuous reflection of power from the plasma was taken into account, and its effect on the
loading evaluated.

Results for the radiation resistance were obtained by varying the antenna-plasma distance; they were then
validated against the RANT3D code of ORNL in the cold plasma case [4.8], i.e., without mode conversion, and
showed good agreement. Mode conversion, density gradient, and cutoff were found not to affect the IGNITOR
antenna significantly.

4.5.3 Self-consistent integral-equation techniques

A new technique has been developed for self-consistent evaluation of the current distribution at the input
impedance of a strap antenna facing a slab plasma model in the presence of a back wall. It is based on the spectral

[4.7] G. Vecchi, R. Maggiora, M. Riccitelli, Design considerations for the IGNITOR ICRF antenna system,
Radiofrequency Power in Plasmas, AIP Conference Proceedings 403, pp. 425-428
[4.8] R. Maggiora, et al., Electromagnetic design of an ICRH system for IGNITOR, to appear in Fusion Eng.Design
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domain formulation of an electric field integral equation whose kernel is Green's function of the structure [4.9].
The numerical solution is obtained by applying the Galerkin weighted residual method, using a first-order
interpolating vector basis and "rooftop" test functions. No assumptions are made on the current distribution.

The theory was implemented in a code, and analysis was carried out on the IGNITOR antenna structure,
demonstrating agreement with previous results. Green's function is derived from the cold plasma surface
impedance by means of an equivalent transmission-line model, retaining both the slow- and the fast-wave
contributions. Since the code is modular both in its background theory and in implementation, it is open to
significant improvements, such as introduction of a 3-D current distribution, the antenna recess, and Faraday
shield, and the use of a more accurate plasma model; in particular, a more accurate description of the plasma,
using the results of the activity on plasma modeling, can be easily included.

The code is also being used to optimize the IGNITOR machine antenna code, with the focus on the radiation
and input impedance of the antenna. After optimization, accurate results will be available for design of the
tuning and matching system [4.10].

|4.9| R, Mugtiiora, Ci. Vecehi. M, Riccitclli. A si'lf-vtmsistent, inh'grat-ciiutition tcvluiiijiii' for the analysis o/'ICRH (ion
I'U7<»/WH ivsonanve heating) iwtenuitsfitciitg <i phisnuh I'roe, 6th Inter. Conf. on Mici\>winic and 1 lits.li Frequency Heating,
(\ oimo 1997)
1-1.10] M, Riccitclli, (i. Yceehi, R. Maggiora, Bui Am. Phys. Soc. 42 (199?)



Technology ^Program

5.1 INTRODUCTION

During 1997 ENEA continued participation in the ITER R&D Technology Program with the same effort as in
the preceding years. A lot of work was also carried out in collaboration with industries, universities, and other
research institutes.

In the field of plasma-facing components (PFCs) activities were focused on developing and qualifying the joints
between armor and heatsink materials, designing the outboard channel of the ITER divertor, and developing
thick (5 mm) tungsten coating by plasma spraying.

Studies were carried out on the breeder blanket needed for the second phase of the ITER experiments (the so-
called Enhanced Performance Phase). Thermal, neutronics, electromagnetic, and structural analyses were
performed to optimize the design of the blanket module, which must reach a tritium breeding ratio of more than
0.8 with the same shielding performance and geometries as the ITER shielding blanket.

Significant experiments to validate the shielding blanket design and to check neutron calculations (codes and
nuclear data) were carried out at the Frascati Neutron Generator (FNG). Studies to verify the effects of the
penetrations in ITER (streaming experiments) are under preparation.

The pulsed experiments on the 12-T M^Sn ENEA coil are nearing conclusion. Alternating-current losses and
current distribution inside the cable-in-conduit conductor during a current ramp-up were measured. Data
processing and detailed analysis of results are in progress.

Metallic membranes and catalytic membrane reactors have been proposed for tritium recovery in the ITER fuel
cycle. Good preliminary results were obtained using ultrathin membrane to selectively separate hydrogen
isotopes from the gas stream.

Very interesting results were obtained in the field of safety and environment: accident analysis showed that
release of contaminated products is limited even in the case of pessimistic scenarios; occupational doses were
reduced by better modeling and through improvements in the shielding design.

ENEA is heavily involved in remote handling activities in the framework of the L-7 ITER Large R&D Project.
The construction of two facilities (Divertor Test Platform and Divertor Refurbishment Platform) at ENEA
Brasimone is well ahead. The facilities will be used to demonstrate the remote handling operations needed to
maintain, refurbish, and replace the ITER divertor cassettes.

5.2 PLASMA-FACING COMPONENTS

5.2.2 Rheocast-alloy attachment system between heatsink and armor (ITER Task
T5/T6)

Studies on the possibility of inserting a removable/replaceable layer of semisolid alloy between armor and heatsink
to facilitate armor removal and replacement continued. The microstructural characterization of rheocast alloys, the
junction tests, and assembly/disassembly tests are described in previous progress reports. The following reports tests
on a mockup formed of seven elements of armor material (carbon fiber composite tiles already pre-brazed to annealed
0.5-mm-thick copper domes) joined to a high-efficiency thermal shield (HETS) geometry heatsink.



High heat flux test of the mockup

s

The HETS mockup was tested at the Framatome FE2000 e-beam facility at Le Creusot (France) under high heat
flux to verify its thermomechanical behavior. The significant test parameters were

o inlet cooling water pressure 20 bars;

• inlet cooling water temperature 110°C;

• flow rate S.lxlO"3 m3/s;

e heated area 3600 mm2;

• heating time 100s (e-beam on);

s cooling time 20s (e-beam off).

During heating, the power was stepped up to 7 MW/m2; at
each cycle, the mockup reached steady state. At maximum
flux, the central tile overheated, reaching a temperature
spot of 2800°C (fig. 5.1), so the test was stopped. All the
process parameters and the thermograph images showing
the mockup surface temperature were recorded.

The mockup did not have any visible damage. At a flux
higher than 2.5 MW/m2, the surface temperature graph
(fig. 5.2) has a small peak at the beginning of heating and
reaches steady state at lower temperature. This could be
due to the presence, at the interface, of a fraction of
liquid phase in the rheocast alloy brazing, which leads to
an increase in the global thermal conductivity coefficient
of the joint. This phenomenon could be considered a
positive factor in terms of component reliability. It was
noted at each cycle with a flux higher than 2.5 MW/m2,
so it can be supposed that below this value the alloy
rheocast maintained its thermal and physics properties.
Destructive tests on the mockup will probably confirm
this hypothesis.

F/g. 5.7 - Thermograph image of the central tile
during irradiation at 7 MW/m-
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Fig. 5.2 - Surface temperature at 3-MW/rn^ cycling

Conclusions

The process of joining armor tiles by means of rheocast alloy requires fairly complex sequences. The main
difficulties are

« the complex preparatory cycle needed for surface cleaning;

« the mechanical problems related to positioning and holding steady the surfaces to be joined;

• the need to have ad hoc equipment to hold in place the various components during tile bonding and
debonding.

Nevertheless, this junction system can work effectively at much higher thermal loads than those expected in the
first-wall system, in spite of the low shear strength of the alloys utilized (10-13 MPa).

The HETS mockup high heat flux tests have demonstrated that the rheocast alloy

» can withstand the thermal stress induced by the manufacturing process and the incident heat flux;

» can be used as a thermal bond layer for PFCs that require a lower joint operation temperature than the
semisolid-state starting temperature.

5.2.2 - ITER divertor electromagnetic analysis (NET Contract 97/446)

A completely new electromagnetic (EM) analysis has been done based on a) recent changes in the divertor
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Fig. 5.3 - Detailed mesh model of the divertor assembly

design [5.1, 5.2], which substantially affect the
electromagnetic response of this component; b) the
need to have a more accurate model to correctly take
into account the effects of field penetration during a
fast electromagnetic transient; and c) a better
understanding of plasma behavior during disruptions
and so a new definition of the worst disruption events
[5.3]. The main changes in the divertor assembly are
elimination of the wings (which were somewhat
critical compared to the EM loads) and separation into
two toroidal segments (3° wide each) of all the divertor
assembly plasma-facing components (targets, liners,
and the dome). To evaluate the EM loads, two full 3-D

models of the ITER structures have been developed, one for studying the effects of the plasma poloidal field,
the other dedicated to EM analyses of the plasma toroidal field excitations (halo, paramagnetic and diamagnetic
eddy currents). For the first model a procedure was developed to perform a detailed EM analysis of the ITER
divertor region (fig. 5.3). To take into account the main effects of the conducting structures surrounding the
divertor region (vacuum vessel, back
plate, and shielding blanket), a 2-D T a b l e 5 J " Pressure maxima and averages (in brackets) on DA
model, corrected to include the main components
3-D geometrical features of the in-
vessel components, was developed,
and excitations on the divertor region
boundary equivalent to plasma
disruptions in the presence of the full
conducting structures were found.
The finite-element code EMAS was
used for the main analyses [5.4].

Table 5.1 gives the pressure maxima
and averages due to poloidal (eddy
currents) and toroidal field excitations
on each component in a cassette
toroidal segment at the end of a
vertical displacement event.

Produced by—>

I-Component

Inboard target

Outboard target

Inboard liner

Outboard liner

Dome covering

Inboard baffe

Eddy currents
(MPa)

±3.1<±0.5>

±2.6<± 0.4>

±2.1<±0.5>

±1.3<±0.2>

±5.6<± 0.04>

Not evaluated

Thermal quench Halo current
(MPa) (MPa)

<-0.8> <+2.5>

<-0.45> <+1.4>

<-0.5> <+1.7>

<-0.3> <+1.0>

<-0.5> <+2.0>

<-0.5> <+1.5>

Negative pressures towards the plasma. For thermal quench and halo currents, the
differences between averaged and peak pressures are negligible due to the quasi-
uniform-induced current distribution

5.2.3 ITER divertor design activities (NET Contract 96/411)

In the context of the L-5 ITER Divertor Large Project, the design and construction of a medium-scale mockup
and a full-scale prototype of the outboard channel (vertical and dump target, and wing) are the responsibility of
the EU. The medium-scale mockups serve to investigate and qualify critical manufacturing issues; the full-scale
prototypes, to verify the manufacturing issues, thermomechanical and thermo-hydraulic behavior, and the
integration of the component in the cassette body (to be performed by ITER U.S. Home Team). To reduce costs,
two types of full-scale prototypes are envisaged: one with real armor and proper armor typology, but reduced
in size, for performing thermal fatigue tests under a high heat flux load of 20 MW/m2 and for simulating
disruptions; the other with dummy armor, mainly devoted to hydraulic and integration tests.

In the first half of 1997, following the call for tender, the order for the mockup and prototype was placed with
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[5.1] S. Chiocchio et al., Status of the engineering design of the ITER divertor, Proc. 17th Symp. on Fusion Engineering
(San Diego 1997)
[5.2] M. Roccella et al., Detailed electromagnetic analyses of the ITER in -vessel components during plasma disruptions,
Proc. 17th Symp. on Fusion Engineering (San Diego 1997)
[5.3] R.O. Sayer, Fast VDE TSC disruption simulation for the ITER 21-MA design, Simulation 970419E-Case2, Oak
Ridge International Report (1997)
[5.4] MSC EMAS, User's manual version 3.1, The MacNeal Schwendler Corporation, Los Alamos, CA (USA) (1995)
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Fig. 5.4 - Vertical target dumbell attachment

a joint venture company (Plansee, Austria
and Ansaldo-FN, Italy). By contract, ENEA
is responsible for monitoring the
manufacturing activities.

The design activities under the present
contract also included an assessment of some
critical issues of the divertor outboard design.
In particular, the thermal mechanical behavior
of the wing was fully assessed by means of a
very detailed 3-D model that takes into
account the cooling channel of the wing blade
as well as the tungsten plasma-sprayed
coating. The entire load pattern was applied in
the model: thermal gradients from a thermal
analysis (performed with the same model
under radiative and neutron thermal load),
and the halo-current and eddy-current loads
induced by vertical displacement events and
centered disruptions. Finite-element thermal
and mechanical analysis was performed by
means of the ABAQUS code. Results
pointed out the criticality of the leading edge
region of the blade in terms of maximum
temperature of the heatsink material
(CuCrZr) and of stress in the tungsten
coating: in fact, the estimated temperature in
the heatsink appears sufficient to overage the
copper alloy locally, thereby decreasing
thermal conductivity and mechanical
strength, while the stresses induced in the
tungsten coating could be critical given the
reduced mechanical properties of the coating.

Particular effort was devoted to the design
of the attachments for the vertical target
and wing. For both the components, the at-
tachment scheme complies with the need
to reduce thermal loads and to simplify
mounting/dismounting operations so that
they can also be done remotely. The
vertical target attachment system consists

of two "dumbell" keys that connect the component to the cassette body in the lower and upper part of the target
(fig. 5.4). Each dumbell has two couples of cylindrical wedges to be locked by bolts, so that, depending on the
bolt load, it is possible to allow or prevent rotation of the keys supplying the proper boundary conditions. The
wing attachments (figs. 5.5a, 5.5b) consist of a single key, again equipped with a couple of cylindrical wedges.
For this component, the lower attachment has to allow free rotation; the upper, both rotation and expansion, so
a square bush between the cassette hole and wedged key is provided.

Evaluations are currently being performed to assess the tribological behavior of the keys during
mounting/dismounting operations.

Fig. 5.5 - Wing attachments: a) lower; b) upper

5.2.4 Manufacture of representative small-size mockups of ITER divertor (ITER
Task 232.6)

The aim of this Task is to manufacture representative small-scale mockups of the vertical target and wing of
the ITER divertor in order to demonstrate the feasibility of different techniques for joining the armor materials
to the heatsink. Two techniques have been considered:



Diffusion bonding to join the carbon fiber composites (CFCs)/tungsten to the copper alloy heatsink.

Plasma spraying, to develop a thick tungsten coating on the copper alloy heatsink.

Validation of the diffusion bonding technique

Due to the metallurgical problems in joining the selected materials (i.e., tungsten and CFC as armor, and
CuCrZr high-strength copper as heatsink) at high temperature, diffusion bonding was selected because it allows
a fairly low process temperature so that degradation of the copper-alloy mechanical and thermal properties is
avoided. Process qualification followed different routes.

The CFC/heatsink joint was made by first brazing a soft oxygen-free copper lamella on the CFC and then
joining the lined CFC to the CuCrZr heatsink by DB. Figure 5.6 shows the two mockups fabricated for cycling
in liquid nitrogen and hot water.

For tungsten, a compliant (aluminum) layer was necessary to
relieve the sudden shear variation in the joint. The main problem
was to find a suitable material for the tungsten-aluminum
transition since it is almost impossible to join the two directly.
Nickel was selected as interlayer. The tungsten was first lined
with a nickel substrate and then joined by diffusion bonding to
the CuCrZr heatsink after interposing an aluminum lamella.

The activity will be completed in early spring 1998 after
manufacturing two plus two relevant high heat flux component
mockups.

The work was was carried out at the Brasimone Beryllium
Laboratory, which is furnished with diffusion bonding equipment
(fig. 5.7) capable of operating at 10"6 mBar, 1200°C; its total
force of 150 t allows components as large as 500x200x120 mm
to be joined.

Fig. 5.6 - CFC tiles joined
heatsink by diffusion bonding

to CuCrZr

E1TEI

Fig. 5.7 - Diffusion bonding equipment

Development of plasma-spray tungsten coatings

This activity was addressed to validating the use of plasma
spraying to produce a thick (up to 5 mm) tungsten coating on a
copper chromium zirconium (CuCrZr) tube substrate to be tested
for thermal fatigue under a high heat flux [5.5]. The specific
problems are low adhesion values and high residual stresses; also
low porosity and a low oxygen content are necessary to obtain a
high-quality tungsten coating. Hence, a bonding layer was
interposed in order to achieve high adhesion on the copper
substrate, an intermediate thermal expansion coefficient, high
compliance, and good thermal shock resistance of the coating.
The final bonding layer was a multilayer system fabricated from
commercially available Al-12Si, Ni-2OA1, and tungsten powders.

During optimization of the process, the effects of the following
parameters on the deposition efficiency and coating
micro structure were taken into account: plasma power, plasma
gas flow rate, torch-to-substrate distance, powder feed rate,
chamber pressure. The microstructure of the tungsten coatings
was characterized by small, uniformly distributed pores. Neither
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[5.5] B. Riccardi et al., Development of W coatings for ITER divertor components, Proc. 17th Symp. on Fusion

Engineering (San Diego 1997)



Fig. 5.8 - Detail of the transition layer from
substrate to tungsten

Fig. 5.9 - First mockup load assembly

Fig. 5.10 - Second mockup load assembly

Table 5.II - Mockup thermal fatigue cycling

Single-tube mockup

100 cycles at 1 MW/m2 incident heat fluxflux

100 cycles at 1.5 MW/m2 incident heat flux

1000 cycles at 2.0 MW/m2 incident heat flux

200 cycles at 4.0 MW/m2 incident heat flux

Double-tube mockup

1000 cycles at 3MW/m2 incident heat

1000 cycles at 5 MW/m2 incident heat flux

Screening up to 7 MW/m2

segmentation nor decohesion cracks were found. A detail of
the transition layer is shown in figure 5.8.

The density of the tungsten coating measured at room temperature
(RT) was 16.5±0.2 g/cm3. The elastic Young modulus measured at
RT with ultrasonic testing equipment was 64 GPa (to be compared
with 400 GPa of pure tungsten). The coating compressive
strength, estimated by means of a cylindrical indentation method
(FIMEC test), was in the range 590-710 MPa.

The final mockup assemblies for high heat flux tests are
shown in figures 5.9 and 5.10. The first mockup consists of
a CuCrZr tube (50-mm outer diam, 5-mm thick, 200-mm
long) covered by a 5-mm-thick tungsten coating deposited
by low-pressure plasma spraying for about 150 mm. The
copper tube is connected to a stainless steel tubular fitting by
means of threaded sleeves made of stainless steel; direct
tungsten inert gas welding (with no filler) between this steel
flange and the CuCrZr tube provides the leak tightness for
testing operations. Pipes connect the sleeves to the end
flanges so that the mockup can be connected to the thermal
cycling testing apparatus.

The second mockup consists of an assembly of two tubes (each
one 70-mm long) covered by 4.2-mm-thick coatings: on the left
tube, the tungsten coating was applied by low-pressure plasma
spray, on the right tube, by high-pressure plasma spray. The copper
tubes were connected by a system of stainless steel flanges
screwed on the tubes themselves and bolted together. Pipes
connect the middle to the end flanges, and plastic material gaskets
provide the leak tightness.

Thermal tests were performed at the European Electron Beam
Facility FE200 at Le Creusot, France (CEA-Framatome) at the
end of May 1997 and at the beginning of October 1997. The
mockups were exposed to cyclic heat fluxes to test their
fatigue resistance. The testing parameters were heat pulse
duration 10 s, cooling duration 20 s, inlet pressure 3 MPa,
inlet temperature 150cC, fluid flow 1.5 to 6.5 kg/s over a
swept area of 80x60 mm (single-tupe mockup) and 40x60 mm
(double-tube mockup). The fluid flow was selected so as to get
sufficient margin against the critical heat flux. During the tests, no
significant vacuum excursion in the FE200 facility chamber, no
perturbation in the infrared thermography measurements, and no
perturbation in the efficiency of the power transfer from the
electron beam to the mockup were observed, so it can be
reasonably supposed that only very limited outgassing occurred.

The mockups were exposed to the thermal fatigue cycling
reported in table 5.II. Testing was stopped on both mockups
because the time allocated had been used up.

5.2.5 Fabrication of mockups and heater for erosion/corrosion tests (ITER Task
T222.8)

The present solution for the divertor outboard channel targets envisages the use of actively cooled copper alloy
heatsinks armored with CFC or tungsten. The reference hydraulic diameter is 10 mm with a swirl tape as
turbulence promoter where the particle and heat fluxes are highest. The swirl tape increases the heat exchange



Fig. 5.11 - Mockups for erosion/corrosion tests

and critical heat flux, thereby lowering operation temperatures
and improving the safety margins against burnout events.
Conversely, the swirl tape increases pressure drops, which
could be rather critical with regard to erosion/corrosion
phenomena. These phenomena may increase under a steady-
state incident heat flux (5-10 MW/m2) and when hydrogen is
present in the water cooling loop.

The aim of the Task was to design and manufacture copper-
alloy mockups, together with a resistive heater able to supply
10 MW/m2 continuously for about 1000 h.

The mockup concept consists of a 23x24 mm, 50-mm-long
copper-alloy hollow bar with tubular appendices to connect it
to the cooling loop. The tube has 10-mm id and 12-mm od. A

swirl tape acts as turbulence promoter along the entire length of the cooling path. The 1-mm-thick pure copper
tape has a twist ratio of 2 and is fixed on one end of the tube by tungsten inert gas spot welding. Six mockups
(3 couples) were manufactured for each of the two copper alloys (PH CuCrZr and DS copper) (fig. 5.11).

The basic concept of the heater system is to place a resistive graphite insert between two faces of the actively
cooled mockups so that the electric current flowing between them can provide the heat flux foreseen for the
erosion/corrosion tests. The current passes through the mockups in a perpendicular direction to the water path.
Massive copper bridging electrodes are used to duct the current to the mockups, providing good electric contact;
the electrodes are also actively cooled by water. A hermetic container surrounds the heated parts, and argon gas
is inserted to protect them and increase the graphite lifetime. The 50x23x3.5 mm resistive inserts are made of
carbon-based RG-Ti-91. Soft carbon layers guarantee fairly uniform pressure on the surface to be heated. A
thickness of 3.5 mm was chosen on the basis of results of optimization tests.

5.2.6 Measurement of residual strains in brazed joints of the divertor by neutron ^
and x-ray diffraction (ITER Task T222.10) £}

The aim of this research is to define the temperature at which the residual strains in a brazed joint vanish. The Q
reference component (fig. 5.12) is a mockup of the ITER divertor, consisting of a Cu-Cr-Zr alloy pipe bonded to CF OQ
armor, with an intermediate layer of soft copper. ^

Neutronic and x-ray diffraction will allow the parameters of the lattice to be measured at different temperatures by j^j
averaging on volumes that depend on the diffraction method used. It is generally held that strains induced by the cj
thermal cycle of the brazing process will vanish at a temperature between 300 and 400°C. The strains will be measured -̂n
on the Cu-Cr-Zr pipe since the inhomogeneous structure of CFC (graphite) makes measurement difficult and this could
cause excessive errors in the experimental results.

The experiments will be carried out at the Laboratoires Leon Brilluin at Saclay, France. Initially, the unstrained lattice
parameters will be
measured using a
powder of the material;
then a specimen of the re-
ference component will
be heated to increasing
temperature (from RT to
~400°C), and the
strains in two points of
the pipe (at 90° on its
circumference) will be
measured until they
vanish (i.e., until the
lattice parameters are \"~ 7 1
equal to the unstrained •:•© . ;

Fig. 5.12 - Mockup to be used for neutronic and x-ray diffraction analyses lattice parameters). !
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Fig. 5.13 - Thermal fatigue testing equipment Fig. 5.14 - Typical temperature cycle for two copper/CFC tile specimens

5.2.7 Thermal fatigue equipment to test joints of materials for high heat flux
components (TIER Task T221-15)

The work carried out under this Task is aimed at defining a standard specimen and at developing equipment to
carry out thermal fatigue testing of joints by electrical heating and active water-cooling.

The specimen is heated by thermal contact up to the testing temperature and the water flow is switched on; it
is then exposed to fast cooling, with time constants and gradients close to the real operational conditions.

The equipment (fig. 5.13) works with a test cycle of about 60 s, depending on the testing range temperature, and is
suitable for continuous operation; a typical complete test will consist of 10,000 cycles. Each one of the four heaters is
heated from 300°C up to 500°C by 2500 W of electric power.

Equipment control and data recording are performed by means of a PC data acquisition system that allows unattended
operation and process monitoring by a remote network PC station.

Tests on the equipment have shown it to be reliable up to a testing temperature of 300°C in a nitrogen atmosphere.
Figure 5.14 shows a typical cycle for two copper heatsink/CFC tile specimens.

53 VACUUM VESSEL AND
COMPONENTS

-VESSEL

5.3.1 ITER shielding blanket electromagnetic analysis

(NET Contract 97/448)

The loads during plasma disruptions represent one of the main concerns for the
ITER in-vessel components. Electromagnetic analyses resulted in some
significant modifications to the design of the in-vessel structures. In the
shielding blanket assembly, the main changes were [5.6] the introduction of
flexible, electrically insulated attachments between the blanket modules and
the back plate (which must resist the push-pull EM forces) and the so-called
"big keys" (to withstand the side-wall EM forces).

The model (fig. 5.15) represents an 18° toroidal sector of the machine,
corresponding to the toroidal periodicity of the inboard blanket. Left-right
symmetry conditions were used to reduce the degrees of freedom. The four
blanket modules considered the most critical during vertical disruption events
(VDEs), i.e., module #1 for downward VDEs, #7, #8 for centered disruptions
(CDs), and #12 for upward VDEs), were meshed in more detail than the others
(fig. 5.15). The finite-element code EMAS [5.2] was used for the EM analyses.

Fig. 5.15 - Whole 3-D model of ITER

in-vessel components. Modules where

maximum loads are expected during

disruption events (#1 for downward

VDE. #7 and #8 for CD. and #12 for

upward VDE) are more finely modeled

[5.6] F. Elio et al., Progress in ITER blanket design, Proc. 17th Symp. on Fusion Engineering (San Diego 1997)



Table 5.III - Forces and moments on the blanket modules at the
end of disruptions

Mod

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Fpol

N° MN

-0.33

-0.35

-0.51

-0.56

-0.87

-0.89

-0.91

-0.70

-0.54

-0.28

-0.20

-0.25

-0.58

-0.55

-0.87

-1.00

-0.89

-0.61

-0.55

-0.72

-1.07

-0.99

-0.85

-0.66

-0.50

-0.56

CD
F* norm

MN

0.35

0.21

0.26

0.58

0.71

0.19

-0.35

-0.74

-0.83

-0.05

0.11

0.35

0.37

0.37

0.43

0.33

0.33

0.54

0.27

-0.42

-0.36

-0.18

-0.09

-0.08

0.00

-0.31

25 ms
MpOi

MNm

0.49

0.29

0.35

0.77

0.88

0.24

-0.43

-0.93

-1.02

-0.02

0.24

0.45

0.43

0.51

0.49

0.43

0.44

0.66

0.37

-0.48

-0.42

-0.25

-0.13

-0.10

-0.01

-0.34

M"'norm

MNm

0.88

0.98

1.32

1.37

2.11

2.18

2.17

1.71

1.33

0.74

0.61

0.59

0.70

0.77

1.02

1.27

1.20

0.90

0.84

1.08

1.57

1.37

1.12

0.83

0.59

0.62

Fpol

MN

-0.20

-0.20

-0.29

-0.31

-0.48

-0.48

-0.50

-0.79

-0.30

-0.16

-0.11

-0.14

-0.37

-0.35

-0.56

-0.64

-0.55

-0.36

-0.34

-0.45

-0.69

-0.66

-0.57

-0.43

-0.32

-0.36

CD
F1 norm

MN

0.26

0.13

0.15

0.41

0.51

0.11

-0.27

-0.57

-0.65

-0.04

0.07

0.28

0.27

0.27

0.33

0.25

0.24

0.37

0.20

-0.28

-0.28

-0.17

-0.10

-0.08

-0.01

-0.28

50 ms
Mpol

MNm

0.37

0.18

0.20

0.53

0.62

0.14

-0.32

-0.67

-0.77

-0.02

0.15

0.35

0.30

0.35

0.37

0.31

0.31

0.46

0.28

-0.31

-0.31

-0.22

-0.12

-0.10

-0.01

-0.29

Ml rJnorm

MNm

0.56

0.59

0.78

0.80

1.22

1.25

1.25

0.99

0.39

0.44

0.37

0.37

0.45

0.48

0.64

0.79

0.73

0.53

0.50

0.65

1.01

0.88

0.72

0.52

0.36

0.38

Components parallel and orthogonal to the first wall. FpOi and Mnorm are due to side-wall
forces; Fn o r m and Mpo| to push-pull forces.

during plasma disruption events and the worst fault conditions in order to
the relative maintenance

Results showed that real 3-D
models of the conducting
structures are essential for a
quantitative assessment of
important effects, such as side-
wall forces due to parallel field
variation, push-pull forces
induced by orthogonal field
variations and by the diffusion
of the magnetic field through
the small gaps between the
modules. The main results are
summarized in table 5.Ill for
CDs of 25 and 50 ms duration.

5.4 BREEDING
BLANKET

The ITER breeding blanket
(BB) is designed to produce the
tritium necessary for operation
during the Enhanced Perform-
ance Phase (EPP). It replaces
the shielding blanket and the
upper baffle modules of the
Basic Performance Phase
(BPP). To be compatible with
the ITER design, it has the same
modularity, attachment system,
in s t a l l a t i on / r ep l acemen t
method, water cooling system
(P=3.8 MPa, Tin=140°C), and
structural material (316 LN IG
austenitic steel) as the shielding
blanket. It has to perform all the
functions of the shielding
blanket and to have a net tritium
breeding ratio >0.8 to allow
ITER to achieve at least a
l-MWy/m^ neutron fluence. An
additional design requirement is
that it preserve its integrity

reduce propagation of damage and

I

To satisfy these requirements, a ceramic breeder blanket concept based on the use of beryllium pebbles as
neutron multiplier and flat radial-poloidal cooling plates was devised by ENEA in 1997, developed by the
European Union Home Team (EU HT) and selected as reference design by the ITER Director.

5.4.2 Design description and features

The radial/poloidal orientation allows the cooling plates to reinforce the blanket module as well as to act as cooling
elements. This design approach produces a very stiff structure without having to have additional structural elements. It
also leads to an industrially practical fabrication and assembly procedure for the blanket module while satisfying all
the design requirements and accommodating the front access penetrations for module installation.



Each BB module exhibits a toroidal repetition in which the space between two adjacent CPs represents a "basic
cell" (fig. 5.16) in which a small bundle ofpoloidal breeder rods (e.g., 16 rods in 2 toroidal rows in the outboard
modules) is located. Each breeder rod consists of a steel tube containing the breeder material in the form of a
pebble bed. Lithium zirconate breeder material (one of the candidate reference breeder materials together with
lithium titanate and lithium silicate) was used in the design development. All the space between the breeder rods
and the surrounding structure (cooling boundary) is filled with the neutron multiplier material in the form of a
Be binary-pebble bed. The pebbles are fully dense. For on-line tritium recovery, the breeder and multiplier
pebble beds are purged by means of a helium flow.

The breeder rod bundle has two supporting tube plates at the poloidal end sections and a central spacing grid,
which is not attached to the surrounding structure. The two plates also distribute and collect the helium purge
gas (P= 0.2 MPa).

The use of breeder rods surrounded by Be pebbles allows a thermal configuration that satisfies the temperature
operation limits of the materials in the case of positive/negative power excursions from the nominal value and
of large tolerances in breeder-rod positioning. The temperature requirements are also satisfied in the event of
significant variations in other parameters, such as the Be pebble-bed thermal conductivity (not only with respect
to the scatter of experimental data but also to the variation caused by neutron-induced swelling under end-of-
life conditions). Moreover, it is possible to adjust the dimensions and location of the breeder units in response
to the local heat deposition expected at a specific radial depth of the breeding zone.

The use of dense Be in the form of a pebble bed is considered reactor relevant, and the experience expected
from the ITER breeding blanket will complement the test results of the ceramic breeder blanket modules; it also
provides thermal contact at the boundaries from beginning-of-life to end-of-life conditions, is considered the
best way to deal with degradation in the mechanical properties during neutron irradiation, and allows freedom
in the design so that the best layout can be selected from a large number of possible basic configurations.

The main features of the new ITER reference breeding blanket are as
follows:

» A net tritium breeding ratio (TBR) > 0.85 with the reference (limited)
coverage. A further positive contribution due to the recently available
radial breeding space of the modules in the outboard zone has to be
added to this value (preliminary 3-D MCNP calculations gave a net
TBR of 0.95).

• The shielding parameters (peak dose on electrical insulator, peak
nuclear heating in the coil case, total heat in the toroidal field coil) are
within the General Design Requirements Document (GDRD) limits
with a significant margin.

• A plasma disruption of 25 ms does not produce significant stresses in
the structure of the blanket module. A preliminary calculation to study
the stress induced by halo currents gave similar results.

«• The blanket module is able to withstand accidental coolant
pressurization (4 MPa) with a wide margin (3-D ANSYS calculation
performed by EFET). The reference design code (ITER Structural
Design Criteria) limits are also met for a pressure of 6 MPa.

• The temperature limits of the materials are well satisfied for different
boundary conditions.

» Hydrogen generation is limited to 1 g for in-box loss-of-coolant
accidents. In any case, the theoretical limit is 80 g because the blanket
module integrity is maintained.

Cooling
"plate

Cooling
plate
header

Shield plate 30.0

Fig. 5.16 - Basic eel!

During 1997 the EU Home Team devoted a lot of effort to the
development and consolidation of the new ITER reference breeding
blanket design (see ITER Design Description Document WBS 1.6B
Section 2). ENEA contributed to the definition of the basic layout,
subsequently acted as coordinator for each area, and carried out the



nuclear, electromagnetic, thermal, structural, thermo-hydraulic and safety analyses reported in the following
sections.

5.4.2 Nuclear analysis: TBR, heating, and shielding

Nuclear analysis was performed with the aim of designing a breeding blanket capable of producing a sufficient amount
of tritium for ITER (TBR > 0.8) while satisfying the shielding requirements of the toroidal field coil (TFC) system.

The MCNR4A code [5.7] was used with the FENDL-1 nuclear data library [5.8]. A full 3-D model of the
breeding blanket with the reference 26-module segmentation and 20-mm-wide gaps (toroidal and poloidal)
between the modules was developed. The vertical, horizontal, and divertor ports were described. Only the
horizontal port, with an opening of 180 cm (l)x300 cm (h), has any impact on the blanket. The module box has
a 5-mm-thick Be front layer and a 13-mm-thick stainless steel first wall. The dimensions of the side wall and poloidal
end walls are consistent with the blanket design assumptions. The basic-cell layout with breeder rods and cooling plates
are fully represented (fig. 5.17).

The calculated TBR is 0.85 in the reference coverage (all modules breeding except for buffer modules and
horizontal ports). The resulting tritium production rate is 195 g/day. With full coverage, the TBR is 1.01.
Calculations with a radially enlarged (not reference) configuration have shown that a TBR value of 0.95 can be
reached (1.13 with full coverage).

From the calculated distributions of nuclear heating, the maximum power densities recorded on the breeder
material, stainless steel, and beryllium are 45.5, 9.4, and 6.5 W/cnP, respectively.

The blanket shielding capability was assessed by calculating radiation loads in key points behind the blanket. The
calculated quantities (peak nuclear heating, max dose, peak displacement on the components of the TFC system)
satisfy the GDRD requirements. The highest values are behind the inboard blanket at midplane where, despite the
lower neutron wall loading, the reduced thickness cannot damp the radiation as in the outboard blanket. The total

amount of heat deposited on the 20 coils is 7 kW
(compared to the design limit of 17 kW).

5.4.3 ITER breeding blanket EM
analysis

The model used for EM analysis of the BB is shown in
figure 5.15. The model was developed for the shielding
blanket [5.1] and adapted for the breeding blanket by
using the equivalent material properties. Conservatively,
a 25-ms CD was considered, whereas the reference
current quench time for a CD in ITER is 50 ms. An
important parameter affecting EM forces on the BB is the
equivalent electrical resistivity of the Be pebble bed. Due
to the beryllium oxide (BeO) layer on their surface the
pebbles should be considered almost perfectly insulated,
but to take into account the effect of the possible wear
and tear of the layer, a Be pebble-bed equivalent
electrical resistivity equal to 1/10 of metallic Be
resistivity (-resistitivity of AISI 316, the armor material)
was assumed. Two other situations (as limiting cases)
were also considered: (i) an effective BeO layer insula-

-50

-100

Fig. 5.17 - MNCP model of an ITER breeding blanket
module (horizontal midplane section showing basic cells)

[5.7] J.F. Briesmeister (ed.), MCNP - A general Monte Carlo n-particle transport code, Version 4A, Report LA-12625-M,
Los Alamos (1993)
[5.8] S. Ganesan, P.K. Me Laughlin, FENDL/E - Evaluated nuclear data library of neutron interaction cross-sections,
photon production cross-sections and photon-atom interaction cross-sections for fusion applications, Version 1.0, Report
IAEA-NDS-128, Vienna, 1994



Table 5.IV - Be pebb!e-bed anisotropic resistivity (uQm) assumed for
the two limiting cases.
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Table 5.V - Main loads on reference module #8 and comparison with
the corresponding loads in the shielding blanket

tion and (ii) pebble-bed conductivity equal
to that of metallic Be. For the two limiting
cases an equivalent anisotropic resistivity
(see table 5.IV) was calculated in order to
account for the strong anisotropy in the BB
geometry and composition.

For the reference case an equivalent
isotropic resistivity of 1.15 iiClm (i.e.,
the stainless-steel resistivity corrected
to take into account depletions due to
the cooling manifolds) was assumed.

The body force distribution in the
reference case was used for structural
analyses. The effects of distributed
loads on the attachments and large keys
can be summarized in terms of a force
on the half-module and a torque on the
whole module. These loads are reported
in table 5.V.

5.4.4 Thermal analysis of the
basic cells

Because of the particular 2-D nature of
the basic-cell layout, thermal analyses
based on the finite-element-method
were used right from the start during the
first-definition phase, which included
thermo-hydraulics and 2-D neutronics
iterative calculations. The outboard and
inboard modules were dimensioned and
analyzed. Particular attention was paid
to the most thermally loaded zone: the
basic cell of module #19 with the
maximum neutron wall load (1.25
MW/m2). The final 2-D thermal
analysis was carried out with the
ABAQUS code using 3-D MCNP
heating data (see 5.4.2).

Table 5.VI summarizes the results
obtained with different boundary
conditions. In particular, the temperature
limits are satisfied with a good margin

for Be pebble-bed thermal conductivity variations of ± 15% from the nominal value of experimental data and
for different neutron fluence values from beginning-of-life to 3-MWy/m2 end-of-life conditions. The
temperature limits theoretically allow operation at -30% of underpower and +60% of overpower, which signi-
ficantly exceed the one power-excursion value (+20 %) foreseen in the GDRD.

FR (MN)

-0.62

-0.86

-0.22

-1.0

FR (MN)

-0.54

-0.70

-0.23

-1.1

MR (MNm)

1.45

1.71

0.70

2.35

Mz (MNm)

-0.75

-0.90

-0.29

-1.38

Case

BB reference

Shield, blanket

BB case (i)

BB case (ii)

Table 5.VI - Temperatures with different boundary conditions

Design limit

BOL conditions

kBc +15%

kgc -15%

EOL 1 MWy/m2

EOL 3 MWy/m2

-30% underpower

+60% overpower

T Of
1 max v-

Be pebbles

500 safety

409

383

443

372

320

356

493

T • °C

breeder pebbles

300 T release

352

338

371

332

305

309

421

T °C
* max *-breeder pebbles

800 stability

546

525

573

516

476

450

708

5.4.5 Structural analysis of module #8 and thermal-hydraulic analysis

A detailed 3-D solid (only massive elements) ABAQUS model of module #8 was developed in order to analyze
the stress level due to electromagnetic loads.

For the reference centered plasma disruption, a linear static analysis was performed with the corresponding



Mises Value

c)

Value

Fig. 5. Jfl - Electromagnetic loads at the end of a 25-ms
current ijtietich: von Mises equivalent stress map (Pa) on
a) the external surface of the blanket module and b)
blanket internals; c) map of radial displacements (in) on
the external surface of the blanket module

W/m2 °C), and then the internal cooling plates, again
1.47 m/s, h=l 1300-16000 W/m2 °C).

loading system (body forces) at 25 ms (end of current
quench). This loading system was postprocessed to take
properly into account the forces transmitted by the Be
pebble bed to the walls (in the ABAQUS model the Be
pebble bed is not represented). The resultant forces and
moments applied in the ABAQUS model were verified as
being the same as those calculated in the electromagnetic
analysis (EMAS code).

With the design option of cooling plates disconnected
from the shield plate, a very low stress level was found
(less than 20 MPa) on most of the structure. A local stress
concentration occurs mainly at the interface between the
shear keys and the blanket module (fig. 5.18). The
maximum displacement, located on the first wall, is about
0.38 mm.

Another ABAQUS analysis was performed on module #8
(assumed to be representative in the geometry of a module
close tothe divertor) to evaluate preliminarily the effect on
the first wall of a pushing force due to halo currents. A
conservative value of 3.8 MPa was considered. The results
show a similar low stress distribution to that found in the
previous analysis and a maximum first-wall displacement
of-0.63 mm.

In both cases, the stress level (in terms of primary
membrane, primary bending, additional local membrane,
and peak) satisfies by a large margin Level A of the ITER
Structural Design Critera.

The cooling system of the modules is water based, with
similar parameters and flow rates to those of the shielding
blanket. All channels and manifolds of each breeder
module are dimensioned for a pressure of 7 MPa, while
the nominal pressure considered for the design is
3.8 MPa, to satisfy with sufficient margin the
requirement foreseen for the pressure test of the blanket
module. The hydraulic scheme of the generic breeding
blanket module is based on series flow between first
wall, breeding zone, and shield plate, with a single-pass
configuration for each of the three stages.

Thermo-hydraulic analysis has confirmed the feasibi-
lity of adopting a single-pass configuration for the
blanket module, in which the channels of the first wall
are all fed in parallel (e.g., module #19 with total mass
flow=15 kg/s: Re=107000, v=3.36 m/s, h=27400

all in parallel, (e.g., module #19: Re =27000-32400, v=l-

a
t

I
9

5.4.6 Safety analysis: beryllium/steam interaction; in-box LOCA and LOFA

The consequences of an accidental spill of cooling water (loss-of-coolant accident - LOCA) inside a module of
the ITER breeding blanket have been evaluated [5.9]. Particular attention was focussed on the effects due to

15.91 C. Rizzello. T. Pinna, Loss of coolant in a breeder blanket module: consequence analysis, ENEA/FUS/TECN/S&E



chemical reaction between Be, used as neutron multiplier, and steam produced by flashing and by evaporation
of spilt water. In fact, the use of water as a cooling medium could induce, in the event of a failure in the box
cooling-channels, an injection of water either into the plasma chamber or into a blanket module and a
consequent exothermic reaction:

Be+H2O=BeO+H2

When the hydrogen produced mixes with air, a potentially explosive mixture can form.

Two accident scenarios in which hot Be inside the blanket modules can contact steam are postulated in the
present work: a LOCA inside a single box of a blanket module without plasma shutdown, and a loss-of-flow
accident (LOFA) in the cooling system without a prompt plasma shutdown, followed by a LOCA in the blanket
module.

Analysis showed that a typical cliff-edge effect takes place: a threshold Be temperature was found at which the
heat generated by the reaction between Be and steam becomes greater than the heat dispersed to the cold parts
or required to vaporize the water. High temperatures and large quantities of H2 are generated in these conditions.
If this threshold temperature is not reached, thermal equilibrium conditions are attained and the Be steam
reaction and consequent H9 production are negligible.

Both the European (dense Be pebbles as neutron multiplier) and the ITER Joint Central Team (porous Be pellets
fc as neutron multiplier) concepts for design solutions were evaluated. For both, the quantity of H2 produced
S during the two accident scenarios evaluated is lower than the ITER safety margin for H2 generation.

^ 5.5 NEUTRONICS

^ 5.5.2 Bulk Shield Experiment ( Task T.218, EU Collaboration)

S The aim of the experiment (started in 1995) was to verify the nuclear performance of the ITER shielding blanket
^ and to validate nuclear data used in the design, in collaboration with other European laboratories. A mockup of

b the first wall, blanket, vacuum vessel, and toroidal field coil was irradiated at the 14-MeV Frascati Neutron
O, Generator (FNG), and the relevant nuclear quantities inside the mockup were measured as a function of
>j penetration depth. The measured quantities were then compared with the same quantities calculated using the

numerical tools (MCNP code and FENDL nuclear data) employed in the nuclear design of ITER. The
experiment, as well as the results obtained in the first three years (e. g., neutron and gamma spectra, nuclear
heating) are described in [5.10, 5.11, 5.12, 5.13]. During 1997, the activation-foil reaction rates and the
activation of ITER grade stainless steel (AISI 316) were measured. The experiment and relative analyses have
been completed.

Several activation reaction rates, with different energy thresholds, were used to measure the neutron flux at different
depths, as shown in figure 5.19.

For continuous-energy-response sensors and for intermediate energy threshold reactions, the reaction-rate
measurements could be performed at FNG in the deepest experimental position (>90 cm) inside the mockup.
The availability of the underground Low-Background Italian Laboratory of Gran Sasso, belonging to the Istituto
Nazionale di Fisica Nucleare (INFN), permitted the same measurements for high-energy threshold reactions
(93Nb(n,2n), E > 10 MeV and 58Ni(n,p), E > 1 MeV), with a total error below 15% [5.14]. These measurements
provided the fast neutron flux at the interface between the vacuum vessel and toroidal field coil.

[5.10] ENEA Nuclear Fusion Division 1994-95 Progress Report, p. 6.27
[5.11] ENEA Nuclear Fusion Division 1996 Progress Report, p. 80
[5.12] P. Batistoni et al., Neutronics shielding experiment for the fusion reactor design, Inter. Conf. on Nuclear Data for
Science and Technology (NDST) (Trieste 1997)
[5.13] H. Freiesleben et al., Neutron and photon flux spectra in a mock-up of the ITER shielding system, Proc. 4th Inter.
Symp. on Fusion Nuclear Technology (ISFNT-4) (Tokyo 1997) to appear in Fusion Eng. Design
[5.14] Angelone et al., Neutronics experiment on a mock-up of the ITER shielding system at the Frascati neutron generator
FNG, Proc. 4th Inter. Symp. on Fusion Nuclear Technology (ISFNT-4) (Tokyo 1997) to appear in Fusion Eng. Design
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for ^Nb(n,2n) reaction

The same quantities were calculated using the
MCNP code with the FENDL-1 and EFF-3 libraries
[5.15]. A very detailed model of the mockup,
detectors, bunker, and neutron source was used in
MCNP so that the measurement/calculation
comparison referred essentially to nuclear data
analysis. All dosimetric reactions were taken from
the IRDF-90 library. An example of comparison
between experimental (E) and calculated (C)
quantities (C/E ratio) for the 93Nb(n,2n) reaction is
given in figure 5.20.

Analyses of the experimental results showed that
neutronics calculations based on the MCNP code and
FENDL-1 library satisfactorily describe the neutron
and gamma flux attenuation in the large stainless
steel/water ITER shield system up to about 1 m of
penetration depth. The neutron spectrum in the back
plate of the shield blanket was well described by the
FENDL-1 calculation, with an underestimation
within the 15% limit. The neutron spectrum measured
close to the vacuum vessel/coil boundary was
generally underestimated by FENDL-1 by 25-30%.
When more recent nuclear data were used for the
structural materials, e.g., Fe-56 cross-section data
from the EFF-3 data file, a slight improvement was
obtained for the nuclear response.

To validate the activation calculations of the ITER
grade AISI 316 LN, specimens of this steel
provided by the Institute for Advanced Materials of
JRC Ispra and accompanied by the chemical

composition specifications were irradiated inside the blanket mockup [5.16]. Four 1-mm-thick, 25-mm-diam
discs were placed at specific positions (between 3 and 42 cm deep) inside the mockup and irradiated for five
hours at the nominal FNG power of 1011 n/s. Activation of the irradiated specimens was measured using the
HPGe detectors of the FNG and the Gran Sasso laboratories. Several gamma-emitting radionuclides were
identified and quantified. These radionuclides are responsible for more than 90% of the total dose rate and decay
heat, for up to a month's cooling time. The absolute activity of the radionuclides was compared with calcula-
tions performed using the FISPACT v.4.1 code and FENDL-2/A activation cross sections. The input neutron
spectral fluxes necessary for the FISPACT calculations were obtained using the MCNP transport code with
FENDL-1 transport cross sections and an accurate model of the mockup, sample discs, FNG bunker and walls.
The calculations covered the same cooling times (ranging from half an hour to 50 days) as the measurements.
The absolute flux values were derived from neutron yield measurements.

The ratios of calculated to measured activities are given in figure 5.21. A large discrepancy was found for one
radionuclide, 57Ni, and a careful analysis indicated that the 5^Ni (n,2n)57Ni reaction cross section in FENDL-
2/A was responsible; this cross section is probably underestimated and should be revised. The other C/E values
are generally within ±20 % of the C/E=l line without any trend with position.

The SS316 activation measurements at FNG were performed at a much lower irradiation level than foreseen in the
ITER reactor, so to check whether they were representative of the real ITER conditions, the SS316 activation was
calculated for a total integrated fluence of 1.0 MW/m2, using the ITER first-wall neutron-energy spectrum and pulsed-
irradiation scenario. Comparison with the FNG measurements showed that, apart from the absolute dose-rate values,

I
i3
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[5.15] AJ. Kinig, H. Gruppelaar, A. Hogenbirk, The EFF-3.0 evaluation for 56Fe, Fusion Eng. Design 37, 211 (1997)
[5.16] M. Pillon, et al., Experimental validation of activation cross section libraries by integral experiments at FNG, Inter.
Conf. on Nuclear Data for Science and Technology (NDST) (Trieste 1997)
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irradiation of S S316 at FNG levels produces the
same activation characteristics (isotopes and
relative importance) as ITER irradiation levels,
for up to 10 years' cooling.

From analysis of all the measurements (from
1995 to 1997), extrapolating to the ITER
reactor it can be concluded that since the
discrepancies between calculations and
measurements are within ±30% at most in
the TFC region, i.e., much smaller than the
present margins for radiation loads on the
coils, the TFC behind the bulk shield is
sufficiently protected by the shielding
blanket and vacuum vessel.

20 30

Position inside the Hock (cm)

Fig. 5.21 - Comparison between calculated and measured activities
in ITER grade stainless steel (AISI316IG)

For fast neutron fluxes, radiation damage
and gas production rates are underestimated by up to 10% in the region of the backplate and by about 20% in
the external vessel wall using FENDL-1 -based calculations.

Induced activation in ITER grade AISI 316 LN is predicted within a ±20% limit by FENDL-2/A in the first wall
and shielding blanket up to the backplate for up to a month's cooling time.

9

5.5.2 Streaming experiment (Task T 363, Ell Collaboration)

The shielding neutronics experiment (ITER Task T.218) verified the nuclear performance of the ITER bulk
shield. However, there are various penetrations (in the shielding blanket and through the port blanket modules)
with direct sight of the D-T plasma that are recognized as crucial issues for the ITER shielding system.
Experimental validation of the capability of codes and nuclear data to calculate correctly the effect of streaming
paths of various shapes is indispensable for confirmation of the design safety margins. Since no experimental
database was available, in March 1997 a proposal was made to carry out an experiment at FNG in order to
validate such complex geometrical configurations.

For this new experiment, approved and begun in July 1997, the shield mockup was modified to include a channel and
a cavity in the blanket (fig. 5.22) so as to simulate, in particular, the shielding efficiency of the mechanically bolted
ITER blanket module by taking into account neutron
streaming through the open channel used for attaching the
module on the plasma side.

Foil activation, neutron and y-ray spectra, nuclear
heating and neutron-induced activation will be
measured in and behind the cavity and in the
superconducting magnet mockup. These quantities will
be compared with the same quantities measured in the
bulk shield experiment without penetrations in order to
assess the effect of the reduced shielding efficiency.
Comparison with calculations done with the MCNP-
4A code and FENDL-1 library will also be performed.

The experiment is being carried out in collaboration with
Technische Universitat Dresden and Forschungszentrum
Karlsruhe (Germany) and will be completed by July 1998.

I.

Fig. 5.22 - Neutron streaming experiment configuration at

FNG: configuration of the ITER shield mockup with

channel and cavity (horizontal section)

5.5.3 Neutronics analyses for ITER shielding blanket (NET Contract 96-415)

The ITER blanket modules are divided by vertical and horizontal gaps that interrupt the continuity of the shield
and give rise to neutron streaming. Each vertical gap is 2 cm wide at the inboard side and 4 cm at the outboard.
The poloidal gap is 2 cm wide everywhere. There are higher radiation loads at the gap ends than on the bulk
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Fig. 5.23 - Poloidal distribution of dpa calculated at the
back plate, in correspondence to vertical gaps (top) and
behind the bulk shield (bottom)

shield. The loads on critical points of the back plate
and inner part of the vacuum vessel were calculated
using the MCNP. 4A code with the FENDL-1
nuclear data library in order to assess the
replacement/rewelding possibilities of these
components. The geometrical model was derived
from the more general ITER model developed by the
neutron experts in the ITER team [5.17]. The gaps
between the modules were described as above. The
bulk shield blanket modules (thickness between 55
and 40 cm, 80% SS316 In + 20% water) are attached
to the backplate (pure SS 316 In, 8 cm thick on the
inboard side and 10 cm on the outboard). The
vacuum vessel consists of three layers. Only the
4-cm-thick all-steel inner layer and the 20-cm-thick

50% steel/50% water central layer were described, just to provide correct neutron reflection. Details of the
model layout are given in [5.18].

Total neutron fluence, fast fluence (E > 1 MeV), displacements per atom (dpa), helium production, and nuclear
power density were calculated behind the gaps, along the poloidal length and behind the bulk shield for
comparison, at a nominal fusion power of 1.5 GW and considering three years' continuous operation.

An example of results is given in figure 5.23, which shows the poloidal distribution of dpa at the back plate vs
module number. Values relative to the penetrations of modules 1-2 and 14-15 are omitted as negligible. Peak
values of 0.9 dpa/year are found at the intersection between the outboard vertical gap (4 cm) and the horizontal
gaps. These values are about 30 times the average value calculated behind the bulk shield. The peak value of
the helium production rate at the back plate is 13 appm/year, ten times higher than in the shielded regions. In
the vacuum vessel, the highest values are 0.15 dpa/year and 1.4 appm/year (helium production). Most of the
helium comes from low-energy neutrons captured by boron through the '0B(n,a) 6Li reaction. Natural boron is
present in the steel as an impurity with a concentration of 100 appm, which means that there is 20 appm of !^B.

I

5.6 MAGNETS

5.6.2 Characterization of industrial Nb3Sn wires for ITER (NET Task M5.5)

Europa Metalli concluded strand manufacturing for the ITER toroidal-field model coils (TFMCs). Performance testing
was carried out on a significant number of samples. It was shown that a shorter reaction heat treatment does not have
any significant effects on strand performance, so some time can be saved in the heat treatment of the TFMC douple
pancakes.

The vibrating magnetometer was received and put in operation.

Qualification of the system for attenuating-current loss measurements on ITER strand samples is under way.

5.6.2 Testing-capability upgrading for quality control of ITER strands (NET-ITER
Task GB7-M2)

Quality control of Nb3Sn and NbTi industrial strand production for the ITER magnets will have to be carried
out both by industry and by selected European laboratories.

To cope with the expected production schedule, a high sampling rate and qualified equipment will be required.

[5.17] L, Petrizzi, et al., 3-D shielding analysis of the vertical and midplane ports in ITER, 12th Topical Meeting on the
Technology of Fusion Power (Reno 1996)
[5.18] L. Petrizzi, V. Rado, Neutronics analysis for ITER shield and breeder blanket, Final Report Net Contract
NET/96-415, September 1997



For this Task, the Applied Superconductivity Laboratory at ENEA Frascati continued the upgrading activities
that had already been started autonomously with the acquisition of the sensitive vibrating magnetometer for
measuring ac losses up to 12 T in a variable-temperature insert.

As for processing capability, a new furnace for reaction heat treatment of a large number of strand samples (40-
50) either under vacuum or in a gas atmosphere was technically defined and is on order.

A multisample holder for IC(B) measurements at 4.2 K was designed and constructed. According to ITER
specifications, the mandrel, in TiAC V alloy, is to be used for reaction heat treatment and IC(B) measurements
without transferring the samples after reaction. The new holder, under testing and qualification, will allow faster
processing with a substantial saving in liquid helium.

To complete the critical current measuring capability, an insert cryostat for measurements at variable
temperature has been ordered. The insert will allow measurements at any temperature above 4.2 K, at a
maximum current of 200 A. The Nb3Sn background magnet can provide a field of up to 12.5 T.

Experience gained with the Nb3Sn strand production for the ITER model coils has shown that although the
strands produced by different manufacturers have similar performance at a given reference point, they may
show sensible differences in critical temperature Tc and upper critical field Bc2- Since this could affect the
stability of the ITER conductors, it is advisable to extend the field range for Ic measurements. Hence, it was

_̂  decided to increase the maximum background field from 14.5 T to 16 T by installing a M^Sn insert solenoid
5 inside the 80-mm bore of the existing 14.5-T solenoid. The insert was dimensioned and ordered after an
b- international tender.

r ^ The Frascati Laboratory is also assisting the Applied Superconductivity Laboratory of the Technical University
of Wien in qualifying as a European laboratory for quality control of ITER strands. The collaboration consists

( ^ in exchanging technical information and in cross checking samples measured by both the laboratories.

^S 5.6.3 Pulsed-field experiments on the 12-T Nh^Sn ENEA magnet (NET-ITER
^ Task M20)

f~. The experimental program on ramp rate tests was concluded.

The high-voltage generator used for current pulses was tuned to optimize the pulse shape. A fairly good linear
current increase, followed by a plateau, was obtained at current variations in the range l-2kA/s. However, for
higher ramp rates, the slope of the pulse was not completely linear (dl/dt was not constant) and the set plateau
current was reached with some overshooting. Therefore, the coupling losses E generated during a ramp have
been calculated as

f dt
JUt;eff

where nx is the coupling loss time constant, V is the volume of the cable metal, and

) j (
d t j e f f

 J l d t

The "virgin" value of nx, measured on a short sample of the conductor at the time the coil was being
constructed, is 120 ms. Experiments confirm [5.19] an apparent increase in quench energy with increasing
number of pulses. However, assuming that at each plateau current the energy required to produce a quench is a
constant, the relative variation of nx can be calculated. The result is reported in figure 5.24. A single curve is
valid for all the values of the current.

[5.19] P. Balsamo et al., Ramp rate experiments on an ITER relevant pulsed coil, Presented at the Europ. Conf. on Applied
Superconductivity (EUCAS) (Enschede 1997)
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The stability transient was simulated using the SARUMAN
code. The generated ac loss heat is approximately 30 to 40%
lower than the energy margin computed with SARUMAN.
However, simulation of short heat pulses (1-10ms) after the
current variation shows a large impact on the stability of the coil
and should explain the reduction in the energy margin calculated
for energy deposition over a long time (> 1000ms) [5.20]. A
plausible cause of fast energy input can be local disturbances,
e.g., of mechanical origin, at the fast end of the energy
perturbation spectrum. Calculations showed that the energy
margin for the fastest (lms) energy input is only 25% of the
energy that can be absorbed in a slow 100-ms transient.The
discrepancy between heatsink and energy deposition could
therefore be explained by fast disturbances superimposed on ac
losses during the flat top of the current pulse.Fig. 5.24 - Experimental decrease of the coupling

loss time constant with pulse number
Experimental activities are being carried out to measure ac loss

in the coil during a ramp in order to have direct evidence of the present coupling loss values and thereby
substantiate the explanation given here for increasing ramp rates leading to a quench when the number of pulses
is increased.

The presence of a background NbTi solenoid magnet with stainless steel cylinders on the inner and outer
diameter and a large fraction of copper inside the conductor means that the contribution of eddy current
losses is much larger than that of the estimated hysteresis and coupling losses in the test coil. Therefore, the
measurements will constitute quite a difficult task and special expedients will have to be used. The losses are
measured using the Wilson method, i.e., by integration of the product Vxl over a whole current cycle. A
dedicated +200V, ± 100A power supply produces triangular or rectangular current pulses with the desired
slope and shape. A current transformer is used in order to have a signal proportional to dl/dt, to compensate
the inductive voltage.

The ac loss measurements are underway and should be concluded in January 1998. The testing program of the
Nb3Sn ENEA coil will be completed with the measurement of current distribution inside the cable during a
current ramp. Miniaturized Hall probes and copper coils have been installed at different conductor locations
around the two interlayer points to allow this type of measurement through the detection of self-field distortions
around the conductor.

5.6.4 Monitoring of industrial contracts for fabrication oflTER model coil
conductors (NET-ITER Task M5.5)

The EU activities on manufacturing the full-size conductors for the ITER model coils were successfully
concluded in 1997 [5.21, 5.22]. Ansaldo Energia shipped to the Japanese and U.S. Home Teams -5.5 km of full-
size circle-in-square conductor with Incoloy 908 jacket for the central-solenoid model coil. Europa Metalli
concluded the manufacture of ~41 of Nb3Sn internal tin strand, the cabling for the central-solenoid and toroidal-
field model coils, as well as the fabrication of about 900 m of round conductor, with 316LN stainless steel
jacket, for the five pancakes of the toroidal-field model coils.

European Union industries have shown that the ITER specifications for strand, cabling, and conductor
manufacturing can be met. The experience gained has been used to improve manufacturing procedures and to
upgrade the quality control program. In addition, the industries now have a firm basis for costing the conductors
for the ITER magnetic system.

I

[5.20] Balsamo et al., Thermo-hydraulic analysis of the stability and quench behaviour of the ENEA Nb^Sn coil.
Comparison with experimental results, Presented at CHATS-97 (S. Francisco 1997)
[5.21] A. della Corte et al., Status of the EU conductor manufacture for the ITER CS and TF model coils, presented at
EUCAS 97 (Enschede 1997)
[5.22] A. della Corte et al., Status of the manufacturing of the European Union conductor for the ITER TF model coil,
presented at the 15 Conf. on Magnet Technology (MT-15) (Beijing 1997)



5.6.5 Low-friction-surface development (ITER Task M49)

Background

The magnet system of ITER consists of several groups of components, some of which mechanically coupled to
better withstand the heavy electromagnetic loads occurring in normal and upset conditions. The in-plane
centripetal force on the TFCs is supported by the outer cylinder, the central solenoid and the inner cylinder; the
out-plane forces on the TFCs are supported by the outer intercoil structure and the monorails of the two upper
and lower crowns.

The magnet system, assembled at room temperature, is cooled down to 4°K, energized, and then undergoes
pulsed plasma operation, including disruption events. To keep the stress level in the structures low, thermal and
mechanical mutual displacements of the component mating surfaces under the loads must not be restrained, so
the friction coefficient of the mating surfaces must be low and the related wear compatible with the component
lifetime.

5
if

Task objective

The purpose of the Task is to evaluate a suitable design, manufacturing methods, surface roughness, and surface
treatment in order to demonstrate that the friction and wear properties of the

• radial interface between central solenoid od and outer cylinder id,

» radial interface between the TFC nose and outer cylinder od, and

• toroidal interface between crown and monorail

are compatible with the design assumptions. Such properties are investigated as a function of pressure, slip
distance, and number of cycles, (table 5.VII) under a vacuum of 10"4 Pa and at a temperature of 77 K.

For the mechanically coupled surfaces that show the lowest friction coefficient and wear, the manufacturing
process must be demonstrated as feasible and compatible with the size of the components and their operational
environment.

Test rig

The test rig and operating principles are described in the 1996 Progress Report. In 1997 the rig was completed
and successfully commissioned (fig. 5.25). The vacuum vessel is shown in detail in figure 5.26. The vessel can
accomodate a couple of specimens (see fig. 5.27), each one consisting of a 1800-mm2 annular piece.

Table 5.VII - Low-friction interface material working conditions

Interface

Central solenoid od/outer cylinder id
~ ± meters from equatorial plane

Central solenoid od end region/outer
cylinder id end region

Middle TFC nose/outer cylinder
~ ± meters from equatorial plane

TFC nose end regions/outer
cylinder end region

TFC nose/outer
Cylinder (TF on only)

TFC case monorail/crown

Interface
materials

Epoxy-Glass
Incoloy 908

Epoxy-Glass
Incoloy 908

316 LN/
Incoloy 908

316 LN/
Incoloy 908

316 LN/
Incoloy 908

316 LN/316 LN

Normal load
pressure
(MPa)

80

80

80

80

80

400

Slip
distance

(mm)

0-2.5

0-6

0-3

0-4

0-6

± 1

Target
friction
coeff.

<0.3

<0.3

<0.2

<0.2

<0.2

<0.3

Number
of

cycles

ixlO-5

lXlO-5

5xlO-4

5xlO~4

lxlO-5

lxlO"5

lxlO"5
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Fig. 5.25 - Low-friction test apparatus Fig. 5.26 - Low-friction material test

I

c«

Fig. 5.27 - Low-friction test apparatus

Experimental activity

A first large selection of materials and surface finishing to be screened was made after tests in a simplified
vacuum test rig under reduced test conditions. First results were not encouraging, so a new test matrix was
agreed on with the NET and ITER Teams (table
5.VIII). However, the sample gluing process (where
applicable) and the acceptance tests were developed
for the proposed materials.

Table 5.VIII - List of materials to be tested

Surface Counterface

The screening tests in the pre-existing cryogenic
vacuum rig were stopped because of uncertainties in
extrapolation of the results, but the experience
gained regarding the behavior of some of the
selected materials was very useful for prosecution
of the activity.

Most of the materials were supplied, and specimen
fabrication and the scheduled testing were started.

Fiberslip B 40

Vespel

"Du" bronze - PTFE

Bronze - PFA (plasma spray)

Bronze-PFA+Mo (plasma spray)

MoS2 coating (PVD)

WS2 coating (PVD)

AISI316L-Ra=0.1

AISI316L-Ra=0.1

AISI316L-Ra=0.1

AISI316L-Ra=0.1

AISI316L-Ra=0.1

AISI316L-Ra=0.1

AISI316L-Ra=O.l



5.7 REMOTE HANDLING AND MAINTENANCE

5.7.1 Introduction

The activities carried out by ENEA under the L-7 ITER Large R&D Project are aimed at giving a basic
demonstration of the feasibility of divertor cassette replacement and refurbishment, which is a key point in
determining the availability of the ITER reactor. The demonstration will be done in two facilities, the Divertor
Test Platform (DTP) and the Divertor Refurbishment Platform (DRP), both located at ENEA Brasimone.

The background, description, experimental program, plan of activities, and work sharing are described in detail
in the 1994-96 Progress Reports.

5.7.2 Divertor Test Platform (ITER Task T308/1)

The design, supervision, implementation, and testing of the DTP will be completed by the end (mid-1998) of
the ITER Engineering Design Activities (EDA).

The DTP is a full-scale test facility, reproducing 72° of the lower portion of the ITER vacuum vessel. It is equipped
with four vacuum-vessel ports and ducts, 18° apart from each
other (fig. 5.28). The DTP hosts all remote handling (RH)
equipment prototypes (fig. 5.29a,b,c) and the mockups of the
divertor region components (DRC) needed for maintenance-

i • '' "IB ' •' . r "" operation tests, i.e., cassettes, cassette cooling pipes, vacuum
V, " J ^ S ^ ^ ^ S I " ' - plug along the vacuum-vessel duct, etc.
••••'• • . '""^mSt^fi

Experimental Program

The test program during ITER EDA includes:

• commissioning of RH equipment prototypes;
» validation of cassette mover operations in nominal
conditions;

Fig. 5.28 - DTP during assembly

a)

c)

b)

Fig. 5.29 - a) Tractor and second cassette carrier operating on the cassette mockitp during shop tests, b) Tractor, radial cassette

carrier, and central toroidal mover operating on the standard cassette mockitp. c) Tractor and central cassette carrier operating on

the central cassette inockup



® validation of auxiliary RH systems in nominal conditions;

• assessment of operational limits of movers.

Work sharing

The other participants in the DTP project are the NET Team, European industrial suppliers (Belleli, Siemens),
the Japanese Home Team (JAERI) for the DTP mockups and cassette movers, and CFFTP/Spar (Canada) and
Comex (France) for auxiliary handling equipment.

Status of activities

On-site acceptance and commissioning of the Belleli and Siemens cassette movers were completed. Delivery
and commissioning of the other RH equipment (already shop tested) are in progress.

Procurement of test equipment (sensors, workstations, etc.) and the on-site setup were completed.

Both shop and on-site acceptance tests indicated that the RH equipment fulfils the basic functional and design
requirements for cassette installation and removal. It now appears reasonable to assume that the test campaign
proper will confirm in more depth and detail the feasibility of remote maintenance for the ITER divertor cassettes.

Basic R&D activities are in progress. Results obtained so far have oriented the selection of the most promising
materials for the DTP components (i.e., cassette locking system, ITER vacuum vessel rails and racks) and have
given a first validation of their design. Further tests will be carried out before EDA completion.

5.7.3 Divertor Refurbishment Platform (ITER Tasks T308/5 and T308/8)

ENEA is responsibile for the design, supervision, implementation, and testing of the DRP at ENEA Brasimone.
Activities will be completed by the end (mid-1998) of the ITER Engineering Design Activities (EDA).

Refurbishment of the divertor cassettes consists in a sequence of operations carried out in a hot cell so that the
cassettes are ready for a new experimental cycle in ITER. Critical operations on the cassette are the high heat flux
component (HHFC) substitution, 3-D metrology before and after refurbishment, and HHFC cooling pipes
cutting/welding/inspection. The DRP (fig. 5.30) is the test facility for the most important operations:

• cassette metrology and interface visual inspection;

• replacement of HHFCs and cassette locking system;

. cutting/welding/inspection of cooling pipes.

Experimental program

The test program during the ITER EDA consists of assessing the following:

» cassette metrology;

» HHFC (outer vertical target) and cassette locking system
substitution;

• process control optimization;

• timing;

• HLHFC cooling-pipe cutting/welding/inspection.

Work Sharing

The other participants in the DRP project are the NET Team, EFET
(NNC England) for the conceptual and engineering design of the
HHFC cassette-body locking keys, and TEKES (Finland) for design,
manufacture, and testing of the HHFC refurbishment tools, i.e., locking
key extractor and rescue tools.

FiS- 5-30 - DRP hall with hot-cell
auxiliary equipment



Status of activities

Procurement of the various DRP subsystems and adaptation of the building have finished. Procurement of
metrology equipment has been practically completed (in-shop tests planned late January-early February).
Cutting/welding/inspection equipment procurement is in progress (engineering design and basic subsystem tests
completed; assembly and setup of the equipment will follow). Basic R&D tests will start soon in order to
achieve results by the end of EDA.

5.7.4 Development of welding/cutting/inspecting equipment for divertor-cassette
refurbishment operations. (Ell Task T308/8)

The Task activity is to provide proof-of-principle of tools and processes required for connecting the HHFC
cooling pipes to the divertor-cassette body.

The HHFC components have to be replaced about eight times during the ITER lifetime. Replacement is carried
out in a hot cell and is completely remote. The components are locked to the cassette body by keys, which are
then removed, and connected to the cooling circuit by pipes, which have to be cut and then rewelded. The
welding is also inspected with special nondestructive testing methods.

The feasibility of such cutting/welding/inspecting operations has to be demonstrated in the DRP.

^ The work consists of i) preliminary feasibility study of the cutting/welding/inspecting equipment (CWIE); ii)
^ laboratory qualification of the process; iii) design and manufacture; iv) qualification tests at ENEA Brasimone.

J-. Points i) and ii) have been completed and the design of the CWIE has been finalized; procurement of the
^ equipment is under way.

<~^> The operations are performed by a special head equipped with a Nd-YAG laser source and inserted inside the
Q, pipes, and by refined control systems based on optical techniques.
Si

^ The feasibility of the process was preliminarily assessed by a number of laboratory trials performed on
1^ significant samples. The effects of the processing mode (pulsed gave the best results), cover gas (nitrogen

18 bar), and working speed (0.8 m/min for cutting and 0.4 m/min for welding) were investigated.

5.7.5 Attachment of blanket modules to the back plate (Ell Task T216)

The ITER blanket consists of about 720 modules connected to the back plate, which provides mechanical
support and interfacing for hydraulic and electrical connections. Each module is mounted with narrow
tolerances in its final location on the plate. Since the modules have to be replaced during the reactor lifetime by
remote handling, the problem of their assembly/disassembly on/from the back plate under remote conditions is
being investigated and some basic design options experimentally validated.

Four main points are to be investigated:

• minimum clearances allowing assembly/disassemby;

« bolting and unbolting of the flexible mechanical connectors;

« bolting and unbolting of the earth straps;

» welding and cutting of the hydraulic connections. Black plate
% r, iu\ , ~"

The main experimental facility for the investigation _, j |L , 1.1 , .],
will be set up at ENEA Brasimone. The facility, I , ,l i
named Blanket Test Facility (BTF), will basically * •
consist of an adjustable table on rails to transport the MH ' i - i
mockup of the blanket module to the black plate (x- , r ' ; -̂  ] . •
direction). Figure 5.31 is an isometric view of the | ' ,]
handling facility, showing the mating parts (center ,, N. . • •"
post and side keys), the flexible mechanical " <SJ—

' connectors, hydraulic connectors, and earth strap
i connectors. Fig. 5.31 - Shield blanket handling facility



5.7.6 ITER seismic isolation - (ITER Task EU-T32/33 11 Stage)

Seismic studies of ITER tokamak structures

ITER has been designed to sustain seismic ground acceleration up to 0.2 g, according to U.S. regulations [5.23],
but the host site has not yet been chosen and it could have higher values. In this case, partial seismic isolation
of the plant might be advantageous. The quantitative analysis performed to assess the actual benefit in terms of
accelerations and displacements is briefly reported.

Plant

The plant consists of the tokamak and its building. The building is a large structure, 108 m wide, 88 m long, 52
m above ground level and 50 m embedded below. The tokamak consists of the vacuum vessel and its internals,
the magnetic system, the supports, the cryostat, and the supporting pedestal rings. The tokamak mass weighs
about 53000 t; the whole plant, about 146200.

Seismic excitation and soil properties

European Union regulations [5.24] define seismic excitation as a free-field (i.e., at soil surface far from
buidings) reference motion of vertically propagating waves that depends on soil properties. The soil conditions
identified by the regulations range from type A (very hard soil) to type C (soft soil), with an intermediate type
B. Since types A and C are too extreme, the study considers a more restricted range, from an A-modified type
(hard/medium) to B type (medium). Other types of excitation were
considered, in accordance with i) the U.S. regulations (the so-called
Newmark/Hall 0.2 g), and ii) the reference ITER GDRD [5.25], and
applied directly to the tokamak basement.

Soil structure interaction

Embedment of the building has a beneficial effect on the amplitude of the
reference motion, basically due to wave reflection from the free surface. This
effect was evaluated with the SHAKE and FLUSH codes [5.25]. The
analysis was carrid out using 2-D models of the whole building together with
the surrounding soil to a depth of 65 m.

Models and calculations

Two models were developed: i) a detailed 3-D structural model of the
tokamak; and ii) a model of the building and surrounding ground, including
a coarse tokamak model obtained from preliminary results of the detailed
model. A preliminary assessment of response spectra at the plant basement
(obtained by SHAKE and FLUSH) as functions of reference surface
spectra given for A-modified and B soils was then performed. These inputs
were used with the ANSYS code in harmonic analyses on the tokamak
model in order to get loads and displacements at component interfaces and
at the basement. The calculations were repeated with and without seismic
isolation, and with different types of excitation.The model, consisting of
54000 elements with 25000 degrees of freedom, is shown in figure 5.32.
Response spectrum analysis and the square-root-of-sum-of-squares method
for combining the modes was applied.

s

Fig. 5.32 - Tokamak structure model
for ANSYS floor response spectrum
analysis

[5.23] N.M. Newmark, W.J. Halle, Development of criteria for seismic review of selected nuclear power plants,
NUREG/CR-0098 (1978)
[5.24] Eurocode 8, Construction in seismic zones, ed. as ENV by the European Community (1995)
[5.25] J. Lysmer et al., UCB, Report N° EERC 75-30 (1990), Earthquake Engineering Research Center;
P.B. Schnabel, J. Lysmer, H.B. Seed, Report N° EERC 72-12 (revised 1990), University of California, Berkeley



Results and conclusions

5

Results by SHAKE clearly show a reduction in ground acceleration with depth; results also depend on the type of
soil, since the softer soils are more sensitive to the amount of deformation. The maximum ground acceleration is
strongly reduced in the first 10-20 m of depth and almost stabilized after 40 m. Figure 5.33 gives different spectra
on the free-field layer and on the basement for soil B, as calculated by FLUSH. Considering the ANSYS results
and the different types of excitation, Newmark/Hall 0.2 g appears to be the most severe assumption, but it is,
however, comparable with Eurocode 8, 0.3 g (soil B). As for seismic isolation, it has the capability to reduce
seismic loads by a factor of 4. On the other hand, the lateral movement against the surrounding structures would
be 350 mm. Table 5.IX summarizes the displacements. A conclusive assessment of the need for seismic isloation

can be made when the specific soil type and the
800 i 1 1 1 1 proper backfilling conditions for the embedded part

of the building are defined.
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F/g. 5.33 - Change in the ground response spectrum from the
surface (a) and at the basement level on the free ground (b) for
soil B, and at the basement itself (c) after soil/structure
interaction analyses

5.8 FUEL CYCLE

Metal membranes and catalytic membrane reactors
(CMRs) have been proposed for tritium recovery
during the fusion fuel cycle. This activity is
supported by ITER Task TEP-2. Tritiated water is
converted into hydrogen isotopes in a CMR
coupling a water gas shift fixed-bed reactor to a
palladium/silver (Pd/Ag) multilayer membrane
permeator. The membrane is a thin (10-20 jam) film
of Pd/Ag alloy supported by a microporous
ceramic tube. Recently, an ultrathin (60 jam) Pd/Ag
membrane supported by a porous ceramic has also
been studied. This ultrathin membrane (defect-

Table 5,IX - Summary of dispalcement results [mm]

Horizontal Vertical

Soil A-mod. Soil B Newmark ASME Newmark

App. N. sol.

Soil B Newmark ASME

App. N.

0.3g 0.2g 0.3g 0.2g 0.2g at 5% 0.2g 0.4g at 8% 0.3g 0.2g
damping damping

0.2 g

W/basement top

W/basement equat. P.

W/basement bottom

TFC/basementtop

TFC/basement equat.

TFC/easement bottom

W/TFC Top

W/TFC equat.

W/TFC bottom

W/BP top

W/BP equat.

W/cryostat equat. P.

W/cryostat lower P.

24.7

24.3

25.6

18.2

15.5

10.5

7.8

10.6

15.4

4.4

2.1

24.1

25.4

17.1

16.9

17.7

12.6

10.7

7.3

5.4

7.3

10.6

3.0

1.5

16.7

17.6

52.4

51.7

54.3

38.7

32.9

22.4

16.3

22.1

32.4

9.1

4.4

51.1

53.6

24.6

24.2

25.5

18.2

15.4

10.5

7.7

10.4

15.2

4.3

2.1

24.0

25.2

53.4

52.6

55.5

39.2

33.2

22.7

17.0

22.9

33.0

11.2

5.2

52.1

55.0

45.3

44.7

46.9

33.4

28.4

19.4

14.3

19.4

28.2

8.1

3.9

44.3

46.5

362.4

361.5

361.76

356.0

351.6

345.6

7.8

10.9

16.4

4.1

2.0

26.6

27.9

4.2

8.4

5.6

4.4
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7.0
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5.7

4.5

1.3

4.7

3.7
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0.4

0

8.0
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7.6

8.9

5.9

4.6

1.4

4.8

3.8

7.5

1.7

0.4

0

8.3
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free) selectively separates the hydrogen isotopes from the gas stream and has similar permeability coefficients
to the thin-film membrane.

5.8.1 Ultrathin Pd/Ag metal membrane

The water gas shift reactor is assembled by filling the membrane lumen with the catalyst so that during the
reaction the hydrogen produced is continuously removed by permeation through the membrane itself, thereby
enhancing the reaction conversion above the equilibrium value [5.26, 5.27, 5.28, 5.29]. Extensive theoretical
and experimental studies on thin-film membranes [5.26, 5.27, 5.28, 5.29] have shown agreement, confirming
that the reaction conversion is increased to 97%, which is well above the equilibrium value at 300°C).
Tests on the operational lifetime of the membranes are in progress. The metallic-film quality can be improved
to gain a higher selectivity for hydrogen, but the selectivity level cannot reach the value required for nuclear
applications (100%). However, it is reasonable to consider the use of these membranes in some industrial
processes, e.g., in dehydrogenation.

Studies on ultrathin Pd/Ag metallic membrane are aimed at obtaining a sufficiently thick metallic membrane to
avoid defects and ensure selectivity without large mass transfer resistance. Ultrathin (50-70 (im) membranes were
developed by using thin metallic tubes produced via several steps of palladium-alloy lamination and annealing. The
ceramic porous tube containing the catalyst in the lumen was placed in a thin Pd/Ag tube to obtain the CMR.

Using a simulation code it was verified that conversion, for the working temperature considered (300°C), is not really
modified by using a thin Pd/Ag metallic membrane (50-70 |xm) over a ceramic tube, instead of a thin film (10 jim)
over a ceramic tube covered with a dense top layer. Calculation results are shown in figures 5.34 and 5.35.

Ultrathin metallic membranes show a selective separation of
hydrogen from other gases and slightly higher mass transfer
resistance with respect to thin-film membranes. Preliminary tests
being carried out at Calabria University are confirming the
theoretical previsions and good performance, also for tests lasting a
long time (several weeks). It can be concluded that thin-film
membranes are already applicable in some industrial processes, and
ultrathin membranes could be a candidate technology for some
nuclear applications, such as the fusion fuel cycle.

It is now planned to study the use of tritium instead of hydrogen
in the experimental tests.

0 0.2 0.4 0.6 0.8 1.0

Reactor length (m)

Fig. 5.34 - Reactor with a 10-fiin metal film

0 0.2 0.4 0.6 0.8

Reactor length (m)

Fig. 5.35 - Reactor with a 60-lum metal film

5.9 SAFETY AND ENVIRONMENT

5.9.2 Analysis of reference events (ITER Task
SEA1)

Selection of reference accident sequences [5.30]

An essential requirement of the ITER EDA is that the design
meet strict safety criteria. To demonstrate its compliance, an
exhaustive set of reference accident sequences has to be defined.
Transient analyses of the sequences ensure that the whole range
of possible plant damage is within the limits for allowable

[5.26] V. Violante et al., Fusion. Eng. Design 22, 257 (1993)
[5.27 V. Violante et al., Fusion Eng. Design 30, 217 (1995)
[5.28] V. Violante et al., J. Membr. Sci. 104, 11 (1995)
[5.29] S. Tosti et al., Fusion Technology 1996, Eds C. Varadans, F. Serra, Vol. 1-2, p. 1209
[5.30] R. Caporali, T. Pinna, Reference accident sequences identification for ITER primary heat transfer systems, ENEA
Internal Report FUS/TECN/&E 19/97, December 1997



releases. Despite the unavailability of operation data for fusion plants, postulated initiating events (PIEs) were
comprehensively identified using systematic techniques such as failure mode and effect analyses, both at a
functional (FFMEA) and at a component (FMEA) level. The PIEs already defined for ITER primary heat
transfer systems (PHTSs) were developed into accident sequences through an event tree (ET) model from which
the reference accident sequences were selected.

First, one model of several ETs was built for each PIE. Each ET was described in detail, and the mitigating
features appearing as ET headings in the course of sequence development were briefly explained. Each accident
sequence was classified in a so-called sequence family on the basis of similarity of systems, overall plant
response, and expected consequences in relation to radioactive releases and release modalities. An ET model
quantification was developed in terms of frequency of accident sequences, using current databases relative to
fusion and industrial experience.

For each sequence family a list of high-level minimum cut sets referring to systems and functions was studied
so that a representative sequence could be assigned to each family. Each representative sequence corresponds
to a reference accident sequence, which is subjected to deterministic transient analysis in order to demonstrate
compliance with the safety criteria. FMEAs plus an ET model are used to check that the sets are thorough.

These studies also demonstrate that the previous ITER accident analyses cover a comprehensive range of event
sequences and give every confidence that the ITER engineering design will achieve its safety targets.

I
?> Deterministic analyses of reference accident sequences [5.31]

>- Two accident sequences were assessed for the [TER Non-site Specific Safety Report (NSSR-2), Volume VII
"̂"t [5.32]: one LOFA and one LOCA in the divertor PHTS.

"̂g Large ex-vessel coolant leak (LOCA Category III)

•~Si Coolant is discharged at a high rate into the divertor PHTS vault (pit lower vault). This leak pressurizes the lower
^ and upper HTS vaults. Detection of the ex-vessel LOCA triggers the fusion power shutdown system (FPSS), which
^ stops plasma burn in 3 s [5.33]. The consequences of a double ended pipe rupture in a large-diameter pipe of the
^ divertor primary coolant loop at the outlet of the pump, during reactor operation at 110% of fusion power (1.65
a>J GW) with the PHTS in steady state, were studied. The pressurizer pressure decreases from its nominal value by
§s^ 500 kPa in about 2 s, triggering the FPSS. In the meantime the lower and upper vaults pressurize and a high-
pj pressure alarm triggers the isolation of the PHTS vaults. This results in a plasma disruption which delivers 1.86 GJ

of energy to the divertor. The postdisruption plasma energy was considered uniformly distributed for 1 s and with
a heat flux of 18.6 MW/m2 on the plasma-facing in-vessel components of the failed loop, assuming a disruption
heat-load safety peaking factor of three; normally, the 1.86 GJ of energy is uniformally distributed on 300 m2 of
plasma-facing surface in the divertor. The failed divertor PHTS cooling loop heats up, and the copper cooling

channels of the divertor cassette involved reach failure
temperature (800°C at p>l MPa), causing an in-vessel loss

£? 3 I i-vacuum vessel 1 °f c o ° l a n t with a 0.06-m2 break cross section inside the
o 3-bppfr vault' _—_^^^^ vessel (ex-vessel LOCA—> in-vessel LOCA, i.e., primary
C i ~— •= ~" r- boundary bypass).

3 l - ' ^
<g | , i..^~^ i | The maximum PHTS vault pressure is 135 kPa, well below
°- , 0 [ , 3 the design value (fig. 5.36). Due to intervention of the

bleed lines, pressure in the VV also remains below 135
r ' m e (s) kPa, and most of the inventories mobilized in the vessel are

Fig. 5.36 - Loca ex-VV:pressure in containments discharged to the VV suppression system. In the first 30 s

[5.31 ] G. Cambi, M.T. Porfiri, EU accident sequence analyses for ITER NSSR-2, ENEA Internal report FUS/TECN/S&E
20/97, December 1997
[5.32] ITER non-site specific safety report (NSSR-2), Vol. VII, Analysis of reference events, Draft, October 1, 1997
[5.33] H.W. Bartels et al., Safety analysis data list-2 (SADL-2), version 2.1, S 81 RI 18 97-05-04 W0.1, ITER San Diego
JWS, June 30, 1997



after the accident, before PHTS vault isolation, about 0.002 mg
of tritium and about 0.8 mg of activation corrosion products
(ACPs) are released to the stack. Leakage from the vacuum
vessel and PHTS vaults results in low environmental releases
(~3 mg of tritium and 0.08 mg of dust+ACPs to the stack, and

10-1 10° 10' lo2 1Q3 about 8 mg of dust+ACPs at ground level, 30 s to 1 h from the
accident.

Fig. 5.37 - LOCA ex-VV: hydrogen production Calculated environmental releases are 3 mg (0.0003 mg) of
tritium as hydrogen tritium oxydes through the stack (at ground

level), 0.04 mg (0.05 mg) of ACPs through the stack (at ground level), and 0.06 mg of activated tungsten dust
through the stack. Hydrogen production due to the reaction of H/jO/steam with the hot walls is low and might
amount to 5.6 kg (fig. 5.37), which is below the flammability limit of 10 kg inside the vacuum vessel.

Pump seizure in divertor PHTS (LOFA Category III)

This event leads to immediate loss of flow in the relative primary cooling loop. The FPSS will stop plasma burn
in 3 s [5.32]. Pump seizure was assumed during plant steady-state operation at 110% nominal fusion power (i.e.,
1.65 GW). The fast decrease in coolant flow in the failed cooling loop triggers the FPSS (at 80% nominal flow)
about 0.3 s after the pump accident starts. The FPSS is assumed to stop plasma burn in 3 s, causing a disruption. JA
The plasma energy delivered to the divertor is 1.86 GJ, uniformly distributed on the plasma-facing in-vessel t^
components of the failed loop with a heat flux value of 18.6 MW/m2 for 1 s, assuming a disruption heat load ^
safety peaking factor of three. Figure 5.38 shows the temperatures in the outboard vertical target during the ^
accident. The pressure in the failed loop exceeds the set point value for the pressure relief valve about 5 s after $H
the accident, and a few kilograms of contaminated vapor are released inside a dedicated tank. The in-vessel Js-
parts of the failed divertor primary loop heat up, and the copper heatsink fails about 6 s from accident start ^N
(break cross section inside the VV of 0.06 m2). The plasma chamber pressurizes. The set point VV pressure <̂
valve (110 kPa) to open the bleed lines is reached 60 s from the $3
accident, and the overpressure is released to the suppression u
system. The maximum VV pressure is 115 kPa, well below the Q- Î QQ 1

design pressure of 500 kPa, so the first containment barrier is g
expected to hold. f 800

OVT l-CFC plasma side
2-Cu-CFC interface
3-Cu coolant side

Leakage from the VV results in less than 0.2 mg of tritium and 3
less than 0.2 mg of dust and ACPs to the stack, which is five 10-1 io° 101 102 103

orders of magnitude below Category III release limits. Time(s)

The major source of H2 is dust-steam reactions and might amount
to 5.6 kg, which is below the flammability limit of 10 kg inside Fi8- 5-38 - L0FA: outboard vertical target
the VV. The long-term temperature transient due to decay heat is temperatures

limited to 461°C.

5.9.2 Occupational radiation exposure during operation and maintenance for
NNSR2 (ITER Task SEA 2)

After concluding the work started in 1996, a final report was issued [5.34] on occupational radiation
exposure (ORE) relative to the PHTS in its then configuration. At the beginning of 1997, the SEA2 Task
objective was a general review of the radiological safety of personnel for the whole ITER plant, as support
to the NSSR-2 document. However, significant changes in the design of the PHTS, the most important
system from the ORE viewpoint, necessitated further analyses. Meanwhile, the ITER designers proposed a
preliminary maintenance and inspection strategy for this system that was different from the ASME XI code
and nuclear PWR practice applied in the previous assessment. Consequently, comparisons and parametric
calculations were required to find the best solution for this latest design. Extensive calculations were

[5.34] S. Sandri, Workers safety at the primary heat transfer system. Adapting the NPPpractice to ITER, ENEA Internal
Report FUS/TECN/S&E/7/97, July 1997



performed to evaluate ACP concentration on the inner surfaces of the PHTS components, the shielding
effect of the new structures, dose rates in workplaces, and the person-power required to keep the whole
system in operation. For the tritium contribution, data from other sources were used. The assessment done
for the final 1997 design (described in SADL-2) gave an acceptable total ORE for the 18 main loops of the
PHTS 25-30% times lower than in previous studies, showing that the continuous modifications to this
system had been effective in improving personnel safety. The collective dose to workers carrying out
activities relative to the operation of the other ITER systems will also be evaluated. Other activities having
significant impact on the ORE seem to be the following:

• hands-on operations in the divertor-cassette replacement procedure;

• maintenance of other in-vessel components;

• maintenance of the cryopumps;

• remote repair of equipment;

• hands-on activities at the hot cell.

5.9.3 Tritium systems accident analysis (ITER Task SEA 3.3)

A study was devoted to tritium containment/confinement [5.35] since it plays a major role in plant safety,
gi According to the ITER NSSR-1, the reference accident scenario for fuel cycle systems is initiated by a tritium
§ spill from a process pipe or equipment. The principle of "defense in depth" is applied by using sequential
^_ containment barriers to mitigate the consequences and to prevent tritium release. Process systems are provided
^ with three containment barriers: the process equipment, secondary containment enclosures (gloveboxes, cold

Q^ boxes), and the plant buildings. It is also necessary to isolate the tritium inventory of different fuel cycle
55-̂  components to limit the amount of tritium released after a single failure. The efficiency of the containment
§ 5 barriers, in terms of reliability and self-reliance, and of the isolation systems in preventing the loss from
j~] propagating to linked fuel cycle systems was analyzed and assessed.

^ A second safety analysis [5.36] dealt with catastrophic failure of a tritium-system process pipe or component
T^> and the effects on the relative containment enclosures. During the accident, tritium, mixed with other
^ hydrogen isotopes, is released into the work areas. The resulting explosion hazard has been assessed on the
© basis of:

a-^ • systematic review of the process piping and equipment and the related operation modes;

r^J " evaluation of the amount and release rate of hydrogen isotopes after a catastrophic failure;

• amount of released hydrogen isotopes that can ignite in air or cause a detonation;

• energy released and the consequent temperature and pressure transients;

• capability of process and containment structures to withstand stresses due to the rise in pressure.

Making some assumptions in terms of accident modeling, the conditions for a hydrogen fire through turbulent
diffusion flame and for a local deflagration or detonation in the tritium plant were analyzed, taking into account
the release rate, thermal and fluid-dynamic conditions, and geometrical constraints.

Two main cases were taken as reference bounding conditions:

• the detonation of 81 g of hydrogen isotopes (the maximum quantity that can detonate);

• the combustion of about 1100 moles (18 m3) of hydrogen isotopes, corresponding to the total inventory inside
the hydrogen isotope separation system.

This analysis demonstrated that a hydrogen detonation, resulting in the failure of the building structures and
tritium dispersion to the environment at ground level, can be considered with reasonable confidence as an
accident beyond the design limits for the ITER fuel cycle systems.

[5.35] C. Rizzello, L. Di Pace, NSSR-I ITER fuel cycle containment effectiveness assessment, ENEA Internal Report
FUS/TECN/S&E/9/97, Rev. 0, July 1997
[5.36] C. Rizzello, L. Di Pace, ITER plant. Reference accident sequences analysis related to the updated fuel cycle systems
design, ENEA Internal Report FUS/TECN/S&E 14/97, Rev. 0, December 1997



5.9.4 Pressure and thermal loads on containments (ITER Task SEA 3.4)

The ITER cryostat pressurization was evaluated by analyzing i) loss of coolant fluids inside the cryostat [5.37]
and ii) air ingress into cryostat [5.38].

The loss of coolant fluids (water and helium) into the ITER cryostat, with consequent pressurization and energy
release to surfaces at cryogenic temperatures, required simulation of water condensation on cryogenic surfaces
and ice buildup. The initiating event of this accident sequence is an electric-arc-induced breach in the guard pipe
and in one of the PHTS coolant pipes inside it; this can give rise to damage in the helium cooling lines, which
then leads to the release of helium from half the TF magnet coils. Parametric evaluation considered the release
of water coolant only. The CONSEN (release 4.1) code, which can analyze transients with the simultaneous
presence of various fluids, such as water, helium, and oxygen plus nitrogen, was used. The cryostat pressure
increases to about 0.18 MPa, but this containment is rated to withstand 1 atm of overpressure (i.e., 0.2 MPa
absolute internal pressure). This value is in line with the MELCOR result (0.17 MPa). The steam condenses on
the cryostat cold structures, thereby reducing the pressure but adding extra mass (but this is not expected to
threaten structural integrity) to the TF magnet coils.

Air ingress into the cryostat induced by a breach of 0.01 m2 was analyzed to assess pressure transients in the
cryostat and connected volumes (equatorial pit room) and the energy that can be released to the cold structures
(especially the magnets) contained in the cryostat. The CONSEN 4.0 code was used. The first containment
barrier (VV) and its cooling loop are supposed intact, so no radioactive inventory is mobilized. However, the ^
accident can have important consequences on the second barrier: air ingress causes depressurization of the ^
equatorial pit room, which could lead to structural failure (implosion) of the cryostat. Air condensation on the ts^
cold structures (magnets, thermal shields) modifies the heat transfer between them and the cryostat walls, and J-~
ice deposition on the magnets can make them heat up to the transition temperature. For air ingress into the ^
cryostat, it can be concluded that: ^ >

® The pressure rise in the cryostat is very weak due to the small size of the postulated breach and to the presence ^
of huge cold masses (thermal shields, magnets) that make the nitrogen and oxygen cool down and condense; 5-
any significant cryostat pressurization can be excluded even in the long term. <L_1

<> The pressure fall in the pit room is veiy weak due to compensation between air outflow towards the cryostat ts
and air inleakage and inflow via the ventilation duct. C\

5.9.5 Plant level safety assessment (ITER Task SEA 4) &?

The failure mode and effect analysis to define a first set of initiating events at plant system level was continued.
Vacuum vessel containment [5.39], neutral beam injectors [5.40], electrical power supplies (steady state and j
coil power supplies) [5.41], and divertor maintenance scenarios [5.42] were analyzed in terms of possible >—t
failure modes. For each failure mode, the causes, preventive action, consequences, preventive/corrective actions
on consequences, and expected frequency were indicated. A set of PIEs was specified, grouping the basic
component failures by similarity of mitigating features and possible consequences. Hence, each component
failure mode was associated with a PIE, and the expected frequency determined for each event during the
various operating states. From the frequency evaluations, the PIEs could be classified in four categories
according to the ITER Event Sequence Classes and Dose Limits Table.

[5.37] G. Caruso, G. Console, L. Di Pace, Analysis of loss of coolant fluids inside the ITER cryostat taking into account
the September '96 design", ENEA Internal Report FUS/TECN/S&E 12/97, Rev. 0, October 1997
[5.38] G. Franzoni, L. Di Pace, ITER cryostat pressure transient following an air ingress accident, ENEA Internal Report
FUS/TECN/S&E 13/97, Rev. 0, December 1997
[5.39] L. Burgazzi, et al., Failure mode and effect analysis for ITER vacuum vessel, ENEA Internal Report
FUS/TECN/S&E 4/97, March 1997
[5.40] T. Pinna, R. Caporali, G. Cambi, Failure mode and effect analysis for ITER neutral beam injector systems, ENEA
Internal Report FUS/TECN/S&E 6/976, September 1997
[5.41] L. Burgazzi,et al., Failure mode and effect analysis on remote handling of ITER divertor, ENEA Internal Report
FUS/TECN/S&E 16/97, October 1997
[5.42] L. Burgazzi, R. Caporali, T. Pinna, Failure mode and effect analysis on ITER coil power supply system, ENEA
Internal Report FUS/TECN/S&E 17/97, October 1997



The most important result of the work was that critical points in design solutions and PIE screening were
defined. The latter is particularly useful when defining deterministic analyses to quantify the possible accident
sequences in terms of expected frequency and radiological consequences in order to ascertain conformity to
ITER safety requirements.

5.9.6 Activation calculations and corrosion product modeling and inventories as
support to NSSR-2 (ITER Task SEP 1.1)

Activated corrosion products were assessed for the divertor cooling loops. The influence of different corrosion
rates for the Cu-alloy piping and various operation conditions for the chemical and volume control system
(CVCS) was parametrically analyzed using the PACTITER code (PACTOLE version for fusion). The
calculations helped to support the decision taken by the ITER JCT to delete the intermediate heat transfer system
(IHTS) from the divertor loop and upgrade the CVCS to keep the ACP inventory within the 10-kg limit. [5.43].

In support of the NSSR-2 ACP assessment, new lD-Sn neutronic and activation calculations were performed'for
the in-vessel zones of the ITER first wall/shielding blanket. Activation data and reaction rates for the PACTITER
code were obtained for the in-vessel coolant regions of the first wall/inboard blanket (FW/IBB) and limiter/outboard
(LIM/OBB) for a new SS316-LN-IG composition (Co = 0.10%) and for three different irradiation scenarios (M5a,
fiuence 0.3 MW-y/m2; SA2, fluence = 1.0 MW-y/m2; M6, fluence = 1.0 MW-y/m2) [5.44]. Results of the ACP
assessment are related to the 1/10 FW/IBB and the 1/4 OBB/LIM loops. The divertor loop was not analyzed at first
because the Cu/solubility adjustment to the PACTITER code was not available at the time. The new activation
scenario (M5a), lasting 2535 days with a fluence of 0.3 MW-y/m2, was adopted for the ACP assessments and
compared with the previous one (SA1) of 432 days. Some other parameter scan analyses were carried out to
investigate the effects of oxide porosity, cobalt and nickel content of the piping material, CVCS operative
conditions, heat exchanger (HX) alternative design and alternative water chemistry. For all cases except alternative
water chemistry, results [5.45] show modest variations, and key parameters typically vary by less than a factor of 6.
After water chemistry, the most sensitive parameter is oxide open porosity.

The corrosion product inventories are typically higher for M5a because the total simulation time is higher, i.e.,
there is more time for the steel to corrode and release ACPs into the water. As expected, the cobalt content
appears to have only minor effects. There is a slight improvement when the ex-vessel Ni content (SS304L ex-
vessel piping) is reduced from the nominal 10% to 8% since this decreases ex-vessel wall activity, ex-vessel
Co-58 activity, and the mobilizable inventory.

A new operative scenario was analyzed by request of the ITER San Diego JCT. This scenario, named BPP-acp,
takes into account the most important PHTS operation states, even though the periods have been lumped

5 together to save computational time. Five basic operation states, repeated two or three times, were simulated:
K""1 1) plasma operation; 2) dwell time (100% coolant flow, 10% through HX, coolant inlet 140°C); 3) hot standby,

(10% flow at 140°C, 5% through HX, no significant D-T in the system since just decay heat is removed); 4)
long-term maintenance (between campaigns, also called cold standby), (10% flow at 50°C, 1% through HX, no
significant D-T in the system); 5) baking, (10% flow at 240°C, 1% through HX, no significant D-T in the
system). Results showed reductions in significant parameters (within 30-50%) for BPP-acp compared to M5a.
The new version of PACTITER, incorporating the solubility law derived from experimental results, was tested:
results were encouraging because the Cu-alloy release rate after 432 days of simulation (with pulsed operation)
was around 2.5 um/y, while the analogous result for the previous code was about 25 times lower (0.11 uin/y.
The Cu-alloy average release rate assessed by the code after 1000 h in the temperature range 140-165°C was
11.4 jim/y with the coolant velocity varying from 2 to 13 m/s. Furthermore, if only regions with coolant velocity
> 10 m/s are considered, the Cu-alloy release rate predicted by PACTITER at 43 days is 16.3 (j.m/y, which is
very close to the experimental point (17 um/y) determined by tests. The revised code was then used to evaluate
ACPs for the most updated design of the divertor loops.

[5.43] L. Di Pace, Evaluation of the activated corrosion products for the ITER divertor heat transfer system in support of
DV-IHTS retention/deletion decision, ENEA Internal Report FUS/TECN/S&E 3/97 Rev. 0, September 1997
[5.44] D.G. Cepraga, Private communications ENEA INN-FIS-MACO, July 1997 and August 1997
[5.45] L. Di Pace, D.G. Cepraga, Evaluation of the activated corrosion products for the ITER heat transfer system (FW-
SB and Baffle limiter) in support of NSSR-2, ENEA Internal Report FUS/TECN/S&E 10/97 Rev. 1, September 1997



5.9.7 Environmental source terms assessment (ITER Task SEP 1.2)

Five accident sequences were assessed to determine their environmental consequences: two LOFAs on the
divertor PHTS; two LOCAs on the divertor PHTS; and one loss of vacuum accident (LOVA). For each event,
analysis was developed up to evaluation of the tritium and activated material releases to the environment.
Preliminary results of the radioactive inventories, process source terms, and environmental source terms
involved were reported [5.46] and inserted in the ITER Non-site Specific Safety Report (NSSR-1) Volume VII
(Analysis of Reference Events). The analyses were refined by taking into account updated results included in
the final version of the NSSR-1, Volume VII. For each event, ground and stack releases of tritium and activated
materials up to seven days from the accidents were provided. Environmental-source-term sensitivity analyses
[5.47] were performed using ACP inventories provided by PACTITER. Results (inventories, process source
terms, environmental source terms) related to the five analyzed accident sequences are within a few tens of mg
of ACP and tritium for LOFA and LOCA accidents and about 1.2 g of tritium and 16 g of dust for LOVA.

5.9.8 Source terms and energies - effluent assessment (ITER Task GB7 SEP 1)

Since ITER operates with tritium, activation products, and other hazardous or toxic materials, some releases can
be expected. Both airborne emission and waterbome effluent may occur during normal operation and
maintenance.

In the framework of the EU-HT support to effluent assessment for ITER Non-Site Specific Safety Report 2 ^
(NSSR-2), ENEA has to identify potential pathways for ACPs and tokamak dusts to escape into the environment fc_
during normal operation and maintenance of the tokamak and hot cells, and to estimate the related Q
environmental source terms. The final objective is to verify compliance with the release limits according to the y«j
ITER General Safety and Environmental Design Criteria. For elevated releases the limits are 50 g-metal/year js^
for ACPs and 10 g-metal/year for activated dusts. The limits for ground releases are a factor of 10 lower. 5\i

The methodology and the main assumptions for quantitative analyses have been defined [5.48], For ACPs, three ^3
pathways have been assessed: 1) effluents from cooling systems through heat exchanger leakage to ultimate '-Si
heatsink (i.e., the cooling towers) during normal operation; 2) leakage from components in the PHTS vaults > )̂
during normal operation; and 3) leakage from components to ventilation and drainage systems during CVCS ^
filter replacement. For dusts the following are being assessed: 1) effluents during vacuum vessel dust cleaning; Q
and 2) replacement of a major component (divertor cassette) and subsequent refurbishment in the hot cell. d^

[5.46] G. Cambi et al., ITER environmental source terms, ENEA Internal Report FUS/TECN/S&E 31/96 rev. 0, December
1996
[5.47] G. Cambi et al., EU-HT assessment of environmental source terms for ITER NSSR-1, ENEA Internal Report
FUS/TECN/S&E 22/97 rev. 0, December 1997
[5.48] G. Cambi, L. Di Pace and D. G. Cepraga, Methodology for estimating activated corrosion products and dust effli
and emissions for ITER NSSR-2, ENEA Internal Report FUS/TECN/S&E 11/97, July ! 997



6. Long-Term fusion Technology

6.1 INTRODUCTION

During 1997 the ENEA-EURATOM Association continued its participation in the European activities for the
Long-Term Fusion Technology Program, in the fields of structural materials, safety and environment, nuclear
data, neutron source, and R&D for the DEMO blanket (see chapter 7 of this report).

The activities regarding low-activation structural materials were mainly focused on studies of the physical-
chemical stability of SiC/SiC ceramic matrix composites, the development of joining techniques for SiC/SiC,
and characterization of reduced-activation martensitic steels (Japanese F82H steel and Ti-V stabilized
"ENEA/BATMAN steel).

A feasibility study of passive plasma shutdown was performed under the Safety and Environmental Assessment
of Fusion Power (SEAFP) program.

In the field of nuclear data, important contributions both to the European Fusion File (EFF) project and to the
European Activation File (EAF) project were made, with significant experiments earned out on the 14-MeV
Frascati Neutron Generator (FNG). The new evaluation of 56Fe included in EFF-3 was benchmarked against
present and past experiments at FNG on stainless steel shield mockups. (The photo-production cross sections for
56pe included in the EFF-3 processed file have to be revised.) The Japanese reduced-activation martensitic steel
(F82H) was irradiated with 14-MeV neutrons generated by FNG; several radionuclides were identified and
measured.

Following the Conceptual Design Activity (CDA) of the International Fusion Materials Irradiation Facility
(IFMIF), the Fusion Technology Steering Committee (FTSC-P) approved a two-year (1997-98) Conceptual
Design Evaluation (CDE) phase for reviewing and completing the conceptual design. In this context ENEA
continued with extending and consolidating the work done for the test and target facilities and design integration.

6.2 STRUCTURAL MATERIALS

6.2.1 Development of joining methods for SiC/SiC composite material (Task SDS 3.1.1)

During 1997 collaboration continued between ENEA and the University of Padua on the development of joining
methods for SiC/SiC composite material, with the purpose of extending to 3-D SiC/SiCf composites the excellent
results obtained in joining sintered a-SiC monolithic bodies with preceramic polymer (SR350 silicone resin) [6.1,
6.2]. The basic concept of the joining technology investigated is the use of "adhesive bonding" through
application of a preceramic polymer that, pyrolyzed at high temperature, itself becomes a ceramic.

The surface morphology of the 3-D SiC/SiCf specimens, showing a large number of hollows and peaks of
relatively large dimensions due to the 3-D SiC fabric network (fig. 6.1), does not allow satisfactory results to
be obtained by simple application of the method developed for monolithic SiC bodies.

[6.1] A. Donato, P. Colombo, M.O. Abdirashid, Joining SiC/SiCj composites using preceramic polymers, Proc. First IEA
Int. Workshop on SiC/SiCf Ceramic Composites for Fusion Structural Applications (Ispra 1996) i .
[6.2] A. Donato et al., Fusion Technology (1996), C. Varadas and F. Serra (eds), Elsevier Science B.V. (1997) 1375 I".



Fig. 6.1 - Surface morphology of 3-D SiC/SiC
specimen
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Fig. 6.2 - Surface morphology of 3-D SiC/SiC
specimen prepared with SiC fibers and pre-ceramic
polymer for joining

In 1997, therefore, it was necessary to study the possibility of
modifying the method by carrying out an extensive experimental
campaign to develop and test different joining technologies. The
effects of variations in the following parameters in particular were
studied:

• Heating systems: microwaves and electric ovens.

• Heating temperature: up to 1400°C.

• Additives: SiC nanopowders; Si nanopowdcrs; Al/Si
powder mixtures; ceramic fibers: ceramic fabrics (fig. 6.2).

• Applied pressure.

• Inert gas: argon; nitrogen.

To evaluate the joint quality, at the end of the joining phase,
shear tests at room temperature were performed on all the
joined specimens using a modified ASTM D905-89 standard.

The best results were obtained using SR350 silicone resin with
additives. In particular, the SiC nanopowders, added to prevent
volumetric shrinking, showed a maximum value of shear
strength of about 10 MPa (20% of powder). The joints obtained
with Al/Si powders, added also in this case to prevent volumetric
shrinking, gave even better shear strength performance (31.6
MPa), probably due to the formation of alumina AI9O3 during
pyrolysis at 12OO°C with N9 as inert gas. Standard deviations
from 20 to 64% were, nevertheless, calculated for shear strength,
probably due to defects present in the joining layer/composite
interface. The next step of the activity is to ameliorate strength
and rcproducibility.

6.2.2 Compatibility of SiC/SiC fiber composite with lithium silicate and lithium
titanate in fusion-relevant conditions (Task SDS 3.1.1)

The compatibility of SiC/SiC fiber composite with a L^SiC^ or Li9TiO3 solid pebble bed in fusion-relevant
conditions (800°C in flowing helium containing 1000 ppm H? and 40 ppm water vapor) was investigated. To
evaluate the processes involved as well as their kinetics, six cells were installed to analyze specimens, fully
covered by the breeders, after 216, 1000, and 10000 h of exposure. To evaluate the interaction between the
composite and the outgoing gas, blank (reference) specimens were also used. The exposure campaign will finish
in mid-1998, so the results reported below should be considered as preliminary.

Nondestructive characterization done for each specimen before and after exposure included geometrical
dimensions, mass variation, longitudinal dynamic modulus of elasticity (by the longitudinal fundamental
resonant frequency method), and torsional dynamic modulus of
elasticity (using the torsional fundamental resonant frequency
method). The total defect population was estimated by calculating • •
the damping constant through the Zener bandwidth method.
Surfaces exposed to breeders and gas were examined by scanning ;

electron microscopy (SEM) in order to evaluate the morphology. , , .

After 1000-h exposure, cither to lithium silicate or to lithium titanate,
practically no geometrical density changes were determined, although
some weight changes were measured. With regard to surface
morphology, however, specimens exposed to lithium titanate showed a
different behavior to those exposed to lithium silicate. • ' '

The blank specimens exposed over the titanate bed did not show any
weight change after 216 h, while a shallow decrement was observed

Fig. 6.3 - Blank specimen after 1000-h
exposure above Li^SiOj



Fig. 6.4 - Specimen after 1000-h exposure to
Li4Si04

260

S13 S14 S15
Specimen

S16

Fig. 6.5 - Elastic constant. Solid lines: as-
received specimen. Dotted lines: specimens after
1000-h exposure to Li4Si04

after 1000 h. For both exposure times, a strongly adherent white
scale, quite light after 216 h and extensive after 1000 h, had formed
on the surface. The blank specimens above the lithium silicate bed
showed a weight increment and the beginning of morphological
modification of the surface just after 216 h, while after 1000 h a
cracked scale covered the whole surface (fig. 6.3).

More pronounced morphological changes were observable on
specimens exposed in contact with silicate. After 216 h, the
surface showed a much finer structure than the surface of as-
received specimens, which was completely coated with CVD-SiC
during manufacture. Only a slight weight increase of 6.6 mg,
evenly distributed all over the surface (16 cm2), was measured.
After 1000 h, the weave pattern of the original specimens was no
longer observable and the whole surface was covered with heavily
cracked scale (fig. 6.4).

In spite of the above modifications, the elastic constant showed only
slight changes, or none at all. The only evident variations were
observed in the specimens exposed to lithium titanate, after 1000 h. In
this case, while the blank specimen (fig. 6.5, specimen SI6) did not
show any changes, the specimens exposed to the breeder showed a 4-
7% decrement of the torsional modulus. Although a superposition of
the error bars is observed for two of the specimens, the longitudinal
modulus, in any case, clearly tends to decrease (about -3% for
specimen S14). Only the damping constant varied significantly (500-
600%), confirming a real deterioration in the elastic properties of these
specimens.

6.2.3 Creep and fatigue Properties ofF82H mod. base metal (Task SM 2.2)

A thermal-fatigue round-robin program was started in 1997, after the test envelope had finally been issued at the
beginning of the year. Each of the associated laboratories -Ecole Polytechnique Federate de Lausanne (EPFL), ENEA,
Netherlands Energy Research Foundation Petten (ECN), and Forschungszentrim Karlsruhe (FZK) - was assigned ten
specimens (machined by a German workshop under the supervision of FZK) for continuous thennal cycling (dwell time

0) at temperatures ranging
from 200 to 600°C, with a
heating and cooling-rate of
5°C/s, and specimen clamp-
ing at 200°C. The specimen
batches were received early
in March 1997.

Three tests were carried out
with specially designed and
constructed apparatus
(fig. 6.6). The increase in
temperature in the specimen
zone outside the
radiofrequency coil, which is
considered one of the main
drawbacks of thermal
cycling, was minimized by
using water-cooled loading
bars. Load, temperature,
elapsed time, and strain of
gauge length (12.5 mm)

Key:

! - Electro-mechanical load frame (max. capacity ± 100 kN)
2 - Radiation Thermometer (0-900°C) or "K" type thermocouple
3 - RF generator (160 kHz, max. 5 kW)
4 - Ramp generator & temperature controller
5 - Cooling air servo-valve
6 - Load cell (± 50 kN, Class 0.5)
7 - Hollow specimen

8 - Controlling exiensoineter (± 0.5 mm stroke, 50 mm G.L.)
9 - Monitoring extensometer (± 0.5 mm stroke, 12.5 mm G.L.)
10 - Signal's conditioning units
11 - Selector of feedback signal
12 - Auxiliary input switch (temperature)
13 - Servo-controller & ramp generator
14 - Data logging device (and PC)

fcs

Fig. 6.6 - Synoptic of thermal and thermomechanical fatigue testing apparatus
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Fig. 6.8 - Plot of stress vs strain during first five cycles (continuous thermal cycling,
clamping temperature = 200 °C)

were monitored and stored
in a magnetic support by
dedicated software, for
subsequent processing. A
program for automated
recording of significant
quantities for each cycle
was developed and tested.
This new configuration of
ENEA's thermal and
mechanical fatigue testing
facility seems to be very
promising and more adap-
table to the user's or
designer's needs than any
other existing facility con-
figuration.

Characteristic stresses and
strains arc reported in
figures 6.7, 6.8, and all the
data obtained up to 17
November 1997 are
reported in table 6.1.

Only a quarter of the
program was carried out
during 1997, but comparing
the literature data for
MANET II with what was
observed for F82H mod.
steel, it is possible to note a
clear trend [6.3, 6.4]: the
very short hardening phase
experienced in MANET II
steel is completely absent in
reduced-activation steel and
softening starts right from
the beginning of the test.

The program activities will
be completed in the first
months of 1998.

6.2.4 Metallurgical and mechanical characterization of reduced-activation F82H
mod. and BATMAN martensitic steels (Task SM 2.1.3)

The structural characterization of BATMAN Ti-bearing martensitic steels was completed. The study of the
physical metallurgy of BATMAN II alloys was completed, and the results obtained previously were confirmed
by a critical analysis of data. All deleterious, undesired precipitation seems to be avoided or strongly reduced
by lower the quantity of Ti and N.

[6.3] C. Peterson, R. Schmitt: Cyclic behaviour of martensitic steel F82H-mod. compared to MANET II, Proc. of the 2nd
Milestone Meeting of European Laboratories on the Development of Ferritic/Martensitic Steels for Fusion Technology,
(Karlsruhe 1996)
[6.4] G. Filacchioni, Round robin on thermal and thermal-mechanical fatigue, first, preliminary data, unofficial note
transmitted to Dip. Ing. C. Peterson (KFZ), November 1997



Table 6.1 - Data obtained up to 17 November 1997

Specimen

no

RR01

RR02

RR03

RR04

Nf

934

926

993

850

N j

893

885

954

821

Arj(Mpa)

at Nf/2

580

581

582

578

Ao(Mpa)
at Nf/2

289

291

291

289

mean o
(Mpa) at Nf/2

54.5

59.4

56.5

62.2

Stress ratio
at Nf/2

-0.666

-0.668

-0.671

-0.648

Ae,ot(%)

n.a.*

0.5544

0.5677

0.5676

Aeth(%)

n.a.*

0.5199

0.5331

0.5274

A£mcch(%)

n.a.*

0.0357

0.0374

0.0432

* N.B. Test on RR01 specimens was carried out in the previous facility configuration (no strain sensor available)

Transformation temperatures as well as critical cooling rate demonstrate that no relevant differences exist
between reduced-activation Ta-stabilized and Ti-stabilized steels. All European candidates showed their
capability to maintain a fully martensitic structure in large, thick products even after an air cooling procedure
(normalization) (details in [6.5]). The hardenability of reduced-activation ferritic (RAF) steels seems superior
to that of conventional steels, while tempering resistance appears reduced.

Due to lack of material, the BATMAN mechanical characterization was limited to evaluating tensile and impact
behavior, using specimens obtained with the so-called standard treatment: double normalization followed by
tempering at 730°C. Tensile strength, ductility, and impact properties are comparable to those of the EU or the
F82H mod. steels. Both classes of RAF steels are weaker (RJ^J and RpQ 2) than conventional martensitic steels
(MANET II is the reference alloy) up to roughly 500-550°C, probably because of their limited tempering
resistance. At higher test temperature, all the alloys have similar behavior (fig. 6.9).
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Fig. 6.9 - 0.2% Yield strength of experimental European RAM F/M

The most evident result
obtained in developing re-
duced-activation martensitic
(RAM) alloys is clearly the
notable improvement in their
impact behavior: Upper
shelf energies (USEs) and
ductile-to-brittle transitions
(DBTTs) reached values
never before experienced in
testing ferritic-martensitic
steels. With regard to USE,
BATMAN steels seem
exceptionally tough ma-
terials (Av 320-350 J) even
though their tempering tem-
perature is lower than that of
other European candidates
(fig. 6.10).

A final step in the BATMAN steel activities will be the development of a new "elementally optimized" composition.
In this regard, unexpected difficulties in getting the desired impurity concentration to comply with ENEA's require-
ments have delayed emission of a purchasing order for a 600-800-kg cast.

In addition, a weldability program (technological-metallurgical aspects of welding) on Ti-bearing steels was launched
and has nearly been completed. Joints were developed using gas tungsten arc welding and electron beam welding and
are currently undergoing nondestructive examinations (x-rays and ultrasound). The laser-beam-welded joints will be

[6.5] E. Daum, K. Ehrlich and M. Schirra, Data presented at the 2nd Milestone Meeting of European Laboratories
Involved in E.U. Fusion Technology Long-Term programme, Structural Materials (Karlsruhe 1996)
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available at the beginning
of 1998. For comparison,
the above joining is being
used on F82H mod. steel.
Other, less conventional
welding techniques (ex-
plosion welding) will also
be investigated.

A complete review of the
structural and mechanical
data obtained in studying
BATMAN steels was pre-
sented at the International
Conference on Fusion
Reactor Materials

(ICFRM-8), 27-31
October 1997 and at a
dedicated IEA meeting
[6.6, 6.7, 6.8].
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6.2.5 Hydrogen embrittlement of RAM steels
(Task 3.1.1)

An experimental work has been carried out at the Brasimone
Research Center to compare the susceptibility to hydrogen
embrittlement (HE) of the different martensitic steels proposed
for fusion applications. Martensitic MANET and F82H mod.
steels (composition reported in [6.9]) were compared. The heat
treatments applied to MANET during manufacturing were
965°C, 2 h; 1075°C, 0.5 h; 750°C, 2 h. The prior austenitic
grain size was ASTM 8-9 (15-20 mm). In the case of F82H
mod., which can be classified as low chromium content steel,
the heat treatments for the as-received material were 1040°C,
0.5 h and 750°C, lh; the corresponding grain size was ASTM
5-6 (about 55 mm). An additional heat treatment for an aged
batch included 2000 h in a vacuum furnace. Several low-strain
tensile tests were performed on specimens that were either
virgin or previously charged with hydrogen. The specimens
were machined according to the shape reported in figure 6.11.
After test completion, the fracture section diameter was
carefully measured by means of microphotographs in order to
evaluate Z%. Results are presented in figure 6.12, which shows
that the critical threshold limits for HE are quite low (about 1-2
wppm) for F82H mod. and higher (a marked embrittlement is
observed at 5 wppm) for MANET. The F82H mod.
susceptibility does not appear to be strongly affected by heat

[6.6] G. Filacchioni et al., Tensile and impact behaviour of BATMAN II steels, Ti-bearing reduced activation martensitic
alloys, presented at ICFRM-8 (Sendai 1997), to appear in J. Nucl. Mater.
[6.7] L. Pilloni et al., Physical metallurgy of BATMAN II, Ti-bearing reduced activation steels, presented at ICFRM-8
(Sendai 1997), to appear in J. Nucl. Mater.
[6.8] G. Filacchioni, Structural and mechanical behaviour of BATMAN II steels, Ti-bearing reduced activation
martensitic alloys, IEA-meeting (Tokyo 1997)
[6.9] G. Benamati et al., Effect of hydrogen on tensile properties oj'martensitic steels for fusion application, to appear in
J. Nucl. Mater.



treatment. Compared with results obtained in disk pressure tests [6.9, 6.10], there is a notable reduction in the
critical concentration, and consequently an increase in HE susceptibility, passing from a structure in which the
stress is principally bi-axial to one in which the stress has a high degree of triaxiality. This suggests that some
caution and further studies are required before employing these steels in the first wall or blanket.

6.2.6 Hydrogen embrittlement and general corrosion including water-side effects

Crack initiation on RAM steels in water environments (Subtask SM 3.6)

In the current International Qualification Test Program on RAM steels for structural applications in future
fusion devices, the question of compatibility with the water coolant has been addressed as one of the main
aspects to investigate.

The objective of the experimental activity in 1997, following the previous work [6.11, 6.12, 6.13], was to
provide a comprehensive database on the low-cycle fatigue (LCF) performance of as-received Japanese F82H
mod. steel, one of the reference RAM steels, before testing simulated radiation-induced hardened F82H
microstructures, as planned for the next campaign (1998).

Table 6.II - F82H fatigue life results at 18-kN
load amplitude (DWC: deionized water coolant

HWC: hydrogenated water coolant)

Test conditions

2.2kN.s->

0.7 kN.s-l

2.2 kN.s-l

0.7 kN.s-l

2.2 kN.s"1

0.7 kN.s"1

(0.03

(0.03
(0.01

(0.03

(0.01

Air
Hz)

DWC
Hz)

Hz)

HWC
Hz)

Hz)

Nf

4300±200

6400±200

3400±100

2550±50

300±100

2600±100

•T

Fig. 6.13 - F82Hfracture morphologies after LCF tests (l8kN, O.OSHz) at
240°C in a) Air: typical striations from mechanical fatigue, b) Water: brittle
morphologies from hydrogen-assisted cracking process

Low-cycle fatigue tests were performed at a lower frequency to
clarify the underlying cracking processes by enhancing
environmental effects and to establish the most suitable
experimental conditions to be adopted in the last stage of the
program. The tests were run under load control (ASTM E606
Practice) by using a fully reversed triangular waveform of 18-kN
amplitude (408-MPa nominal stress in the minimum gauge
section), at 0.01-Hz frequency.

The F82H mod. fatigue life and fractographic results from
tests run under 18-kN load amplitude at frequencies of
0.01-Hz and 0.03-Hz can be summarized as follows:

i) Water environments, compared to air, determined a reduction
in F82H mod. fatigue life at both frequencies and
independently of the dissolved hydrogen contents (table 6.II).

ii) The number of cycles to rupture (Nf) increased in air and
decreased in water environments as
frequency decreased.

iii) In all cases, fatigue tests under 0.03 Hz
induced, before overload instability,
subcritical fatigue crack-growth regimes,
with a different cracking pattern in water as
compared to air (figs. 6.13a,b).

iv) The fatigue process occurred also in air at
0.01 Hz, but was completely absent in water:
the fracture surfaces appeared entirely
dimpled, contrary to those at 0.03 Hz
(figs. 6.14a,b), and characterized by smaller
and more numerous microvoids than those
obtained during the overload stage in the other

J*

si

[6.10] M. Beghini, G. Benamati, L. Bertini, J. Eng. Mater. Technol. 118, 179 (1996)
[6.11] M.F. Maday, Fusion Technology (1996), C. Varadas and F. Serra (eds , Elsevier Science B.V. (1997) 1383
[6.12] M.F. Maday, Preliminary considerations for water coolant chemistry management in fusion devices, Doc INN-
NUMA~MATAV(97)/5
[6.13] M.F. Maday, A. Masci, Corrosion fatigue studies on F82H mod. martenstitic steels in reducing water environments,
presented at the 6th International Workshop on Ceramic Breeder Blanket Interactions (CBBI-6) (Mito 1997)



6X

a) b) t--j specimens. This
2.2kN'/S(x il.7kN/sw 23kN (S2()MF:i; fully micrOVOld

-*i* -** c o a l e s c e n c e
process in water
was accompa-
nied by a greater
loss of ductility
than purely me-
chanical fatigue
in air (figs. 6.14
a,b).

In conclusion,
water environ-
ments compared
to air produced,
independently of
the dissolved hy-
drogen content,
a reduction in
F82H mod. fa-
tigue life, with
an increasingly

damaging effect as stress and frequency decreased. It is suggested that two mechanisms were simultaneously
responsible for shortening fatigue life:

i) hydrogen-assisted cracking induced by cathodic hydrogen produced directly at the crack tip, which enhanced fatigue
crack growth as compared to a purely mechanical fatigue process occurring at above-threshold frequency;

ii) premature microvoid nucleation induced by cathodic hydrogen, which generated the external surface in the
overall F82H corrosion reaction, causing a premature ductile rupture by microvoid coalescence.

Fig. 6.14 - Crack profiles and fracture surfaces obtained in 240°C water environments after LCF
testing (ISkN) at a) 0.03Hz and b) 0.01 Hz. c) Aspect of cracks resulting from ductile failure in air
(23kN, 0.01 Hz)

6.2.7 Nondestructive Testing of RAM Steels (SubTask SM 5.6)

In the framework of activities on qualifying RAM steels for fusion, two welded specimens of 9 Cr steel, F82H mod.,
shipped to ENEA by the Japan Atomic Energy Research Institute (JAERI), were tested in order to validate the weld-
ing technologies - tungsten inert gas (TIG) welding and electron beam welding (EBW).

Both specimens were tested at the Istituto Italiano della Saldatura using the following destructive and non-
destructive methods:

• non-destructive examination (x-ray, ultrasonic, and magnetic particle testing);

• hardness tests (Vickers, 100 N);

• micrographic tests;

• traction, bending, and resilience tests.

The orientation of the specimens during the
mechanical tests (traction, bending, and
resilience) is shown in figure 6.15. It should be
noted that the above tests almost suffice to
qualify the joints on the basis of the RCC-MR
code. The full qualification was not carried out
because not enough material was available.

Figure 6.16 shows the hardness distribution
for the EBW: figure 6.17, a micrograph of
the heat zone (HAZ) of the EBW.

-n, 1̂  i ,i . ., -T-I/-* i i i Fie. 6.15 - Orientation of specimens

The results show that the TIG welded * J '
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Fig. 6.16 - Hardness distribution in the volume of the EBW Fig. 6.17 - EB Weld - micrography of the HAZ (x 200)

specimens have acceptable behavior, while the EBW specimens have high hardness and low toughness in the
welded zone, both presumably caused by the presence of untempered martensite, which is probably due to
inadequate post-weld heat treatment [6.14, 6.15, 6.16].

6.3 SAFETY AND ENVIRONMENTAL ASSESSMENT OF FUSION
POWER (SEAFP-2/DEMO)

6.3.2 Feasibility study of passive plasma shutdown (Task SEAFP-2/1.1)

In the case of a cooling system failure, overheating of in-vessel components might lead to a passive
plasma shutdown induced by enhanced impurity production. Hence, it is necessary to study this self-
protecting mechanism to see if it is effective enough to avoid serious machine damage, such as melting
of a coolant tube.

Evaluations of the energy deposited on the in-vessel components and of the amount of dust produced during a
disruption are very important as well, both from the engineering and from the safety viewpoints. To deal with
these concerns in the framework of the SEAFP-2 project, the SAFALY code, already used for ITER, was chosen
as a computing tool, and the necessary authorization was obtained from its authors.

SAFALY can calculate plasma dynamics and the thermal behavior of in-vessel structures for steady-state and
transient conditions. Hence, the response of the plasma and the material structure to failures in the first wall
and/or divertor cooling system can be modeled, and ex-vessel loss of coolant accidents (LOCAs) can be treated
quantitatively. The code also simulates the erosion of plasma-facing components arising plasma disruptions and
estimates dust production.

The second half of 1997 was used both to get acquainted with the code, by attempting to reproduce published
ITER results, and to start modeling the SEAFP-2 baseline reactor plasma and in-vessel components. An interim
report was written in December 1997 [6.17].

6.3.2 Synthesis of energy inventories and hazards (Task SEAFP-2/1.2)

To assess the consequences of events challenging the plant containment of a future fusion reactor (SEAFP-2
project), it is necessary to evaluate all the energy sources in the plant that are able to mobilize toxic and

I
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radioactive materials. In particular, the residual decay heat power and energy in the blanket and divertor, as well
as the energy in the coolant, have to be accounted for. The work done by ENEA in this regard dealt with the
following;

1. Evaluation of the residual decay heat power and energy, plus the energy in the coolants, on the basis of past
SEAFP work and the new calculations foreseen in Task 5.1.

2. Synthesis of all the energy sources, including chemical and magnetic (Tasks 1.3 and 1.5), plus a summary of
all radionuclide mobilization pathways to the environment and the related consequences (Task 1.4).

The report issued in December 1997 [6.18] focuses on a synthesis of the first results related to magnetic energy,
plasma transients, and on the new activation inventory evaluation used to perform the review of residual decay
heat power and energy for the three SEAFP-2 blanket
concepts. The energy stored in the coolants was determined
for the two cooling schemes (water cooled for model 2 and
helium cooled for models 1&3). Figure 6.18 illustrates the
decay heat power at different times for the three reactor
models, while the energy inventories are summarized in table
6.III.
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6.3.3 Event sequence analysis
(Task SEAFP-2/2.2)

To assess the consequences of events challenging the plant
containment, it is necessary to perform deterministic
analysis of some of the accident sequences involving a
containment by-pass and the multiple failures not analyzed
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Table 6.HI - Energy source inventories for the three SEAFP reactor models

Energy source
Model 1

Amount of energy

Model 2 Model 3

In-vcssel fuel (DT)

PFC Be (Be-steam reaction)

Magnetic energy

Plasma thermal energy

Plasma magnetic energy

Thermal energy of the coolant

Nuclear decay heat (1 min)

(1 hour)

(1 day)

(10 days)

(50 days)

325 GJ

TFcoil: 170 GJ

TF coil: -48 GJ max

3 GW thxl/3 s=l GJ

0.3 GJ

34.1 GJ

6.6 GJ

217 GJ

2020 GJ

9450 GJ

24900 GJ

325 GJ

285 GJ

TF coil: 170 GJ

TF coil: -48 GJ max

3 GW lhxl/3 s=l GJ

0.3 GJ

370.1 GJ

(FW-BK-VV; 8 Loops)

36.9 GJ (DV: 2 loops)

10.5 GJ

479 GJ

6200 GJ

21100 GJ

66300 GJ

325 GJ

TF coil: 170 GJ

TF coil: -48 GJ max

3 GW t hxl/3s=l GJ

0.3 GJ

34.1 GJ

11 GJ

540 GJ

7260 GJ

26900 GJ

84700 GJ

[6.18] L. Di Pace, G. Maddaluno, Synthesis of energy inventories and hazards. Summary Report 1, SEAFP2/1.2/ENEA/l

(Rev. 0), December 1997



ill previous SEAFP work. ENEA's contribution to Task 2.2 is an evaluation of mobilizable source terms
and the consequences in terms of environmental source terms, for the accident sequences to be analyzed
according to the list defined at the Bologna Macrotask 2 Meeting (3-4 November 1997).

Pending the definition of the accident sequence list, a qualitative analysis of a rupture of the steam
generator tube of the SEAFP reactor model 1 (helium-cooled on the primary side and steam generation
on the secondary) was presented at the General Meeting held in Aix-en-Provence, 24-25 June 1997.
Afterwards, a detailed report [6.19] defining possible sequences leading to a by-pass scenario was
produced on the basis of existing design information. The analysis pointed out where radiological
releases can come from during an accident sequence, and possible pathways to the outside.
Environmental impact has to be assessed by deterministic transient analysis. In this regard, the most
challenging accident sequence seems to be one induced by a large rupture of a steam pipe in the
secondary side of the steam generator, inside the turbine building. According to previous analyses, this
sequence has a relatively high probability of occurrence and could lead to multiple tube rupture and
plasma-shutdown failure, which could then result in direct radioactive release (considered as ground
release) in the turbine building. Also, during the progress of this accident, the expansion volume and the
cooling rooms are not available to contain and to divert at least part of the radioactive material.

63 A Review of containment concepts (Task SEAFP-2/3.3)

A survey of fission reactor containments was carried out, bearing in mind their relevance to future g^
fusion reactor containment [6.20]. Over the last 40 years, a large variety of containment concepts has ^ 5
been developed for commercial fission nuclear reactors, but some common general features can be K
recognized: ^ $

° the existence of a containment envelope; *-"*
Ŝ« the containment isolation system (valves and other devices that are required to seal or isolate penetrations <̂

through the containment envelope); J2

° the energy management system, designed to limit internal pressures, temperature, and mechanical loading on l~u
and within the containment envelope; ^

«• the radionuclide management system for limiting radioactivity release in accident conditions; *-~

» the combustible gas control system, designed to handle Hj during accident conditions. Cĵ

Fusion reactors could in theory use similar containments to those of existing research reactors Si
(hence, more economic, with fewer construction and operational problems), since there is a very low , >
probability that an event in the in-vessel region of a tokamak fusion reactor release enough energy to
threaten the second containment; hence, it should be easier for the designer to take into account the
worst possible kind of internal accident (even one beyond the design basis). However, until a
thorough review of accident sequences resolves the uncertainties regarding the magnet system and the
in-vessel beryllium-steam reaction and related possibility of by-pass failure [6.21], it is difficult to
make a definitive choice. Also, if regulatory bodies and public opinion force the designers to consider
very rare external events (aircraft crashes and severe earthquakes), then the containment design will
require the same level of resistance as foreseen for fission reactors against internal events (core melt).
This would mean using a fission-like containment, which would give the wrong impression to the
public of the real level of hazard (decidedly lower radioactive inventory compared to fission) inherent
to a fusion reactor.

[6.19] R. Caporali, L. Di Pace and T. Pinna, Steam generator tube rupture qualitative analysis, SEAFP2/2.2/ENEA/1
(Rev. 0), October 1997
[6.20] L. Di Pace, Review of the different containment concepts adopted so far for fission reactors. Possible use for fusion
reactors, SEAFP2/3.3/ENEA/1 (Rev. 0), June 1997
[6.21] J. Raeder et al., Safety and environmental assessment of fusion power (SEAFP), European Commission,
EURFUBRU XII-217/95, June 1995
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6.3.5 Failure mode and effect analysis on ITER test modules (Tasks DEMO WP
A6-2.2 and WP B6-1.2)

A failure mode and effect analysis (FMEA) [6.22] was performed for the [TER water-cooled lithium-lead
blanket test module [6.23] in order to define possible accident scenarios.

Each failure was classified, where applicable, as a postulated initiating event (PIE).

The defined PlEs (table 6.1V) are related to loss of flow and loss of coolant accidents in the first-wall and breeder
cooling-loop circuits. Different types of water-steam/liquid metal interaction were indicated, to be used in defining
R&D experiments and in analysis planning to assure complete coverage of all the possible accident scenarios. A
frequency evaluation of each PIE, coupled with a subsequent accident sequence definition, would be useful to
evaluate the required degree of mitigation.

Table 6.1V - List of postulated initiating events

PIEs Description

FPVl Loss of liquid metal flow in a segment box

FWV2 Loss of water flow in a BB cooling loop

FWV3 Loss of water flow in a FW/BB coolant channel

FWB1 Loss of flow in a BB cooling circuit due to pump seizure

FWB2 Loss of flow in a BB cooling circuit due to pump trip

FWFI Loss of flow in a FW/BB cooling loop due to pump seizure

FWF2 Loss of flow in a FW/BB cooling circuit due to pump trip

I1WB1 Loss of heat sink to a BB cooling loop

HWFl Loss of heat sink to a FW/BB cooling loop

LPOl Large liquid metal loss outside VV

LPV1 Large liquid metal loss inside VV

LWBB1 Large water-steam LOCA in the breeder zone

LWB01 Large water-steam LOCA in the cooling systems vault

LWB02 Small breach of the breeder cooling loop in the vault

LWB03 Tube rupture in the BB cooling circuit FIX

LWBPV1 Large water-steam/liquid metal loss in VV

LWF'Cl Rupture of FW/BB coolant line and guard pipe in CV

LWFO1 Large rupture of FW/BB cooling loop outside VV

LWFO2 Small rupture of FW/BB cooling loop outside VV

LWF03 Rupture of tubes in a primary FW/BB HX

LWFV1 Large rupture of FW7BB cooling loop in VV

LWFV2 Small rupture of FW/BB cooling loop in VV.

N/A Not applicable PIE

The FMEA analysis defined a number of
possible situations giving rise to LOCAs
characterized by different parameters likely
to affect the liquid metal/water steam
reaction rate. A R&D facility would enable
practical investigation of the behavior of the
reaction rates and verification of the
influence of the parameters.

It would be useful to follow the FMEA
analysis with a thorough definition of a set
of accident sequences through the use of
event-tree construction or lines-of-defense
analysis, which would then complete the
study. These analyses would also point out,
systematically, all the plant accident
situations that could have an impact on
workers and the public.

6.4 NUCLEAR DATABASE

6.4.2 EFF project

In the framework of the European Fusion
File (EFF) activity, a new evaluation of
56Fe cross sections included in EFF-3 was
beiichmarked against the Frascati Neutron
Generator (FNG) stainless-steel shield
experiment [6.24]. The previous work
[6.25], using the available FENDL-1,
EFF-2 and EFF-1 libraries, was reviewed
and compared with new EFF-3 data and
with llatFe data from JENDL-FF [6.26].

[6.22] R. Caporali, M.T. Porfiri, T. Pinna, Failure mode and effect analysis on the ITER lithium lead blanket test module,
ENEA FUS/TECN S&E TR 24/97
[6.23] M. Futterer et al., Design description document (DDD) for the European water-cooled Pb-17Li test blanket, CEA
SERMA/LCA/1911-DMT 96/349
[6.24] P. Batistoni et al., ENEA Report RT/ERG/FUS/94/15, Frascati Research Center
[6.25] P.J. Griffin, J.G. Kelly, J. VanDenburg, User's manual for SNL-SAND-1I code, SANDIA Report, SAND93-3957 UC-
713, (April 1994)
[6.26] V. Rado, P. Batistoni, L. Petrizzi, Fusion Eng. Des. 37, 39 (1997)
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The experiment consisted in measuring properly selected
activation reaction rates, at various penetration depths inside the
AISI316 stainless steel block (side dimensions lOOcmxlOOcm,
thickness 70 cm). They can be grouped according to their
sensitivity to the neutron energy range: high energy
(58Ni(n,2n)57Ni, 27Al(n,oc)24Na, 56Fe(n,p)56Mn); intermediate
energy (58Ni(n,p)58Co, 238U(n,f), U5In(n,n')115In,
237Np(n,f)); low energy (235U(n,f), 55Mn(n,y)55Mn,
97Au(n,y)198Au^_ Experimental results were compared with
calculations using the MCNP.4A code. The accuracy of the
calculations was very good, the statistical error being within
±1% everywhere. For all the reactions except 55Mn(n, y),
dosimetric cross sections originated by IRDF90 [6.27] were
used, for coherence with the previous work [6.25].

Fig. 6.19 - Ratio of calculated (C) to expenmental
(E) reaction rates for S(iFe(n,p) reaction as a func-
tion of depth inside the stainless-steel shield

An example of calculated and experimental (C/E) values along
the block depth is shown in figure 6.19 for the 56pe(n)p)56]yin

reaction; the total uncertainty in the comparison is represented by
the shaded zone. For high-energy reactions, EFF-3 results are

similar to FENDL-1 results, but with some improvement for deep positions. For reactions sensitive to intermediate
energy (=1 MeV), EFF-3 has generally better agreement than FENDL-1. For low-energy reactions, EFF-3 has
good agreement with the experimental results. The C/E values are close to those obtained with the other libraries.

In conclusion, EFF-3 provides better results than the previous evaluations, thereby confirming the validity of
selecting 56Fe data from EFF-3 for the new version (FENDL-2) of FENDL.

6A.2 EAF project

The work done on SiC/SiC material (1996 Progress Report) under the European Activation File (EAF) project
was followed by studies on Japanese F82H mod. steel.

A specimen was irradiated for 5 h in front of the FNG target (distant 12 mm) surrounded by a perspex/
polyethylene reflector (fig. 6.20) attached to the shield blanket mockup (see 5.5.1). The reflector was designed so
as to have an irradiation cavity in which the neutron spectrum mimics the spectrum on the fusion reactor first wall.

Neutron flux and spectra at the F82H mod. specimen location were measured using multifoil activation
techniques. Eight reactions were used. Starting from
a neutron spectrum calculated with the MCNP.4A
code and FENDL-1 cross-section data, the best-fit
spectrum was unfolded using the SAND II code
[6.25]. The activation foils were also irradiated near
the FNG target with no reflector, to compare the
neutron flux and spectra with and without it. The
comparison shows that a large multiplication of
neutrons is achieved with the reflector (e.g., a factor
of 50 at thermal energy).

Neutron-induced activity in the irradiated F82H mod.
specimen was counted at various cooling times using
high-purity germanium detectors. Several nuclides
were identified and quantified.

Comparison between experiments and calculations
(table 6.V) was carried out using the inventory code Fig- 6-20 ~ Irradiation cavity for producing a fusion reactor
FISPACT 97 and three data libraries: EAF 97, first-wall neutron spectrum at FNG
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Table 6.V - Ratios of calculated to experimental activities in F82H steel irradiated at FNG

Nuclide

Mn56

Cr51

Mn 54

Ni57

Co 57

Sc48

Na24

Tal84

Tal83

Co 58

W187

Co 56

Fe59

Ta 182

Co 60

Exp.
errors

5%

5%

5%

10%

8%

6%

9%

14%

7%

6%

5%

8%

7%

6%

17%

C/E
EAF 97

1.01

1.01

1.04

0.85

1.04

0.86

1.49

1.70

1.23

1.30

0.92

3.01

0.84

0.76

1.25

Errors
EAF 97

17.9%

20.6%

16.8%

29.8%

31.8%

29.4%

48.9%

49.4%

39.9%

37.9%

7%

11.9%

35.2%

19.6%

C/E
FENDL-2/A

1.01

1.01

1.04

0.85

1.03

0.86

1.49

1.70

1.23

1.29

0.92

2.88

0.94

0.76

1.25

Errors
FENDL-2/A

3%

33.9%

5.7%

3%

17.5%

12.8%

45.5%

49.4%

39.9%

39.2%

2.3%

10.2%

34.8%

18.2%

C/E
EAF 4.1

1.01

1.01

1.00

0.85

1.03

0.86

1.49

1.70

1.23

1.34

0.92

2.88

0.94

0.76

1.25

Errors
EAF 4.1

49.7%

34.9%

46.1%

39.8%

97.3%

51.5%

166.5%

49.4%

39.9%

116.5%

2.3%

10.2%

45.6%

58.7%si

Si
,Ci FENDL-2/A, and EAF 4.1. The results reported in the table are average values obtained at different cooling
12 times. The three libraries give similar results in terms of C/E values, but there are very large differences in the

( • J L . uncertainty estimations; EAF 97 appears to have the best estimation. The C/E calculated with EAF 97 are,
s^ within the errors, close to one for almost all the radionuclides.

^ 6.5 INTERNATIONAL FUSION MATERIALS IRRADIATION FACILITY

^ 6.5,1 Introduction

At the end of 1996, the Conceptual Design Activity (CDA) on the International Fusion Materials IiTadiation
Facility (IFMIF) was completed according to schedule and reported on 29 January 1997 to the IEA Fusion
Power Coordinating Committee (FPCC). The FPCC recommended proceeding with and completing a review of
the conceptual design before discussing and deciding on the next step of the CDA. (The IFMIF Project Team
had proposed an Engineering Validation Phase as the next step.) At the end of March 1997, the FTSC-P
agreed to carry out a Conceptual Design Evaluation (CDE) phase and assigned an effort of 6 pmy/y for
two years (1997/98). Following this decision, the CDE activity for each European Association (ENEA
included) was defined. The IFMIF design activity at ENEA was addressed to an extension of the work
performed for the 1996 CDA:

. TEST FACILITIES
Shielding and Activation Calculations
Design Concept Definition for Dosimetry

. TARGET FACILITIES
Lithium Target Design Activities
Safety Analysis
Planning of Conceptual Design Evaluation Phase

• DESIGN INTEGRATION
Communication and Documentation



6.5.2 Test facilities

Shielding and activation calculations

To conclude the CDA phase, an overview of all the shielding and activation analyses for the IFM1F facility was
issued [6.28].

In particular, the report concerned:

° general shielding design criteria for the whole facility;

• setup of a suitable computer model and a review of nuclear data requirements for shielding calculations;

» design of the shields for the test facilities (test cells, access, service, test module handling cells, and post-
irradiation examination facilities) during operation in order to comply with the annual maximum allowable
equivalent dose for personnel working in the facility;

• calculation of neutron-induced gamma activation in the test cells and for the test module at different
irradiation and cooling times, to assess gamma doses during maintenance after beam shutdown;

o preliminary sensitivity analysis of dose and neutron activation responses, accounting for uncertainties on the
primary neutron source;

• preliminary evaluation of the accelerator structure activation, particularly on the high-energy beam transport (HEBT)
system, because of neutron back-streaming coming from the test cell through the ducts of the collimator shield.

To confirm the efficacy of the shielding designed to protect personnel in regions surrounding the test cell during
operation, 3-D MCNP Monte Carlo simulations were performed using a detailed geometry (fig. 6.21) and a
neutron source calculated for two 125-mA, 40-MeV deuteron beams incident on the Li-target.

Because of the high dose values found in the access cell, particular attention was devoted to the test cell
shielding plug, both with and without the test module inside the test cell. These values may be assumed as
maximum doses on access cell equipment.

Shielding structures are generally characterized by considerable thicknesses, which give rise to some deep-
penetration problems. Hence, calculations require step-by-step improvement, with special attention paid to the
variance-reduction method used. For the activation analysis, the neutron flux and energy spectrum on the test

module were calculated with two different D-Li neutron
source reaction models (JAERI and ANL) implemented in
MCNP. A large set of neutron-induced activation
calculations was performed for three test module loadings
at different irradiation and cooling times. Subsequently,
gamma dose rates in accessible personnel zones were
assessed along the irradiated test module path.

The high specific activation of the test cell structures also
suggested an independent 3-D Monte Carlo calculation in
order to take into account the dose contribution in the high
bay when the test cell cover is removed for test cell
maintenance (fig. 6.22). In such scenarios, the main gamma
sources come from neutron activation of test cell internals.

Finally, some preliminary evaluations of deuteron- and
neutron-induced activation of the accelerator structures
were carried out, along with some dose-rate assessments
based on the Fusion Materials Irradiation Test shielding
design. Results on activation of HEBT and room walls
because of neutrons streaming back through the beam
tube from the test cell were also obtained.

fcs

Lithium cells

Fig. 6.21 - Geometry used for evaluating dose rates in
regions suiTouiiding access cell

[6.28] S. Monti, IFMIF CDA - Shielding and activation analysis - Final report, ENEA-CT.SBD.00001 (1977)
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Fig. 6.22 - Dose rate in access cell during
maintenance (I h after shutdown)

Design concept definition for dosimetry

A report on the design concepts for IFMIF neutron dosimetry was
issued [6.29]: it provides quantitative data on the precision attainable in
time-integrated neutron measurements (fluence and energy spectrum)
using the foil activation technique and gives detailed information on the
neutron activation system. The neutron dosimeters are similar to those
employed in fission neutron irradiation capsules, i.e., stainless steel
tubes containing wires/foils of various materials. For a full
characterization of the neutron fluence and energy spectrum, both wires
and foils should be used, since the wires provide good spatial resolution
and information on flux gradients, while the foils give more accurate
absolute data and a better spectral response. Recommendations for
further work include evaluations or measurements of specific cross
sections (in particular '97Au(n,xn) and 59Co(n,xn)) and. an
experimental qualification of the selected dosimetry package on
existing high-energy accelerator sources.

The status of currently available time-resolved neutron detection
techniques suitable for IFMIF was also reviewed [6.30], with

special attention paid to the possibility of using in-core reactor instrumentation to measure the
neutron/gamma field in the IFMIF high-flux test module (HFTM). In particular, the option of installing sub-
miniaturized fission chambers (~1.5-mm diam and ~12-mm sensitive length) in different locations directly
in the irradiation rigs (or between the rigs) is under consideration. The specifications for the operation of
these chambers in the HFTM environment have been defined [6.31]: size (< 2mm diam); neutron sensitivity
(1013-1015 n/cm2s); spectral response (1-50 MeV); reduced burn-up; accuracy (-10%); low gamma
sensitivity; capability to withstand high nuclear heating (<800 W/cm3) and high temperature (250-1000°C);
accessibility through remote handling. Sub-miniaturized fission chambers are already commercially
available: they are designed for thermal neutron detection and have been tested up to temperatures of 350°C
and thermal fluences of 1021n/cm2. Since it is expected that -85% of the neutrons in the HFTM be above 1
MeV, special chambers sensitive only to fast neutrons are required for IFMIF application. Various fissile
coatings (238U, 237Np, 238Pu, etc.) with neutron cross section thresholds in the high-energy range are
available; however, to selection the best material requires a complete study taking fully into account the
effect of daughter nuclides produced during irradiation. Other important issues to be further investigated are
the level of the gamma field and its energy distribution within the HFTM, the effect of photofission reactions
(especially on the cables), and damage to detector and cable materials due to high-energy neutrons (causing
a resisitvity decrease in insulating components).

6.5.3. Target facilities

Lithium target design activities

During 1997 the activities of the ENEA-ERG-SIEC Division on the lithium target design were focused along
two main lines of activity.

One concerned the jet thermal hydraulic and stability analysis. First, the analysis was updated on the basis of
the design parameters defined during the 3rd IFMIF-CDA Design Integration Meeting at Frascati, 14-25
October 1996 (e.g., the reference jet average velocity had been decreased from 17 to 15 m/s), taking into
account the results of the new calculations for the power deposition distribution in the jet presented at the same
meeting. Both facts can induce higher temperatures in the jet, so the thermal hydraulic analysis had to be
updated. This was done by using the R[GEL code, developed at ENEA and already used for this type of

[6.29] B. Esposito, Define design concept for dosimetry, 1996 final report, ENEA-ERB5004 CT 960061, NET/96-419,
Frascati (April 1997)
[6.30] B. Esposito, Dosimetry for IFMIF, Proc. of the IEA Technical Workshop on the IFMIF Test Facilities, FZKA 5993
(Karlsruhe 1997), p. 139
[6.31] L. Bertalot, B. Esposito, private communication
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Fig. 6.23 - Boiling margin at two different axial
positions

Lithium

calculation. Results show the capability of the new design 800
parameters to comply with the design constraints. By way of
example, figure 6.23 reports the boiling margin at two different
axial positions of the jet and clearly shows the wide safety
margin with respect to lithium boiling.

A further analysis was devoted to the hydraulic jet stability. As
is known, adopting a removable back wall introduces a
mechanical discontinuity between the wall itself and the
permanent target structure (fig. 6.24). The discontinuity is
located near the nozzle, i.e., in a region where the flow is
already critical from the stability point of view. Perturbation
caused by the discontinuity increases instability and the risk of
cavitation and, in the worst case, could give rise to safety
concerns, so the effect on the lithium flow has to be evaluated.
Hence, a theoretical study was started in order to evaluate the
instability risk. Preliminary results indicate that instability
cannot be neglected and that it will be necessary to perform a
dedicated test - in the JAERI waterloop, for example. In this
case, the theoretical analysis would give important indications
on the similitude to be adopted for a correct reproduction of the
instability problems.

The second line of activity concerned detailed design of the
removable back-wall scheme proposed by ENEA (the so-called
bayonet scheme). The work mainly involved research on the
most suitable sealing material and type. To sustain the IFMIF
operating conditions, the sealing material most operate at
relatively high temperature (T>250 °C), have a good resistance
to radioactive fluence and good chemical compatibility with
lithium, an alkaline metal. At the present design stage, the
reference material is stainless steel, since it meets all the above
requirements. The disadvantage of stainless steel gaskets is that
they require a relatively high sealing load, whereas a reduction
in the load would simplify the back-wall design. Hence,
research was started to find the most suitable metallic gaskets
(low sealing load gaskets) and to identify alternative materials,
such as synthetic materials or graphite. Several companies
(Dupont, Gore-Tex, Angst&Pfister, UCAR Carbon Company,
Rulon etc.) were contacted for technical information on gasket
materials and types, and the data obtained are currently under
examination.

Another item relative to the back-wall design concerns the
JAERI proposal (presented at the IFMIF-CDE Target Group
Meeting, Brasimone (Italy), 3-7 November, 1997) to join the
bayonet scheme with their laser-welded system for sealing. This possibility is also under consideration. Some
of the results [6.32] of the two lines of activity were presented and discussed during the November 1997
IFMIF-CDE Target Group Meeting.

Fig. 6.24 - Discontinuity between removable
back wall and permanent target structure

Safety analysis

In 1997 the safety analysis of the lithium target and its support systems was oriented towards updating the
preliminary probabilistic analysis and the system analysis carried out in 1996, to take into account the design

[6.32] Proc. of IFMIF-CDE Target Group Meeting, ENEA Brasimone, 1997, CT-SBA-00002



improvement proposed at the Frascati meeting [6.33, 6.34], This activity was carried out during the first three-
month period of 1997. A preliminary consequence analysis was performed at the same time [6.34], These
analyses demonstrated that the risk of release to environment is very small owing to the design choice of tertiary
confinement as well as to design improvements, such as redundancy of biowers and/or pumps valved in parallel,
or regarding some support systems (such as the electrical power distribution system), which contribute to
meeting and increasing the safety goals with a sufficient margin.

Planning of CDE phase

Part of ENEA's activity on the lithium-loop and back-wall development was devoted to defining the critical
points for the R&D program of this area of the facility. The first point analyzed was impurity (mainly H,O,N
and C) control, which is fundamental for the operation and safety of the lithium loop. Two kinds of control could
be envisaged:

«• off-line monitoring by sampling;

• on-line monitoring by sensors.

Off-line monitoring provides accurate results, but a delay in their availability is a big disadvantage. On the other
hand, on-line monitoring (i.e., sensors) provides results in real time and can also be used for safety reasons. The
development of reliable and accurate lithium impurity sensors is an important target of the R&D activity of

5s5 IFMIF facility. Several studies have been carried out on nitrogen sensors in pure lithium, in the framework of
<-5 the European Fusion Technology Program. An electrochemical apparatus has been developed [6.35] and should
S be validated in long-term operational tests.

^ Another important point in the design and operation of the target system is the high H/dpa and He/dpa ratios
l^s in the backwall. In this context, ENEA has proposed an evaluation of the back-wall lifetime under neutron
gj irradiation, based on the following activities:
•Ŝ

2 • collection of currently available materials data (in collaboration with PSI, FZJ, FZK, JAERI, ORNL);

CS> " establishment of materials database (in collaboration with PSI, FZJ, FZK, JAERI, ORNL);

g • stress-strain analyses of the lithium/back-wall geometries under real loading conditions (in collaboration with
h FZK);

^ • assessment of the structural integrity of the back wall.

6.5.4 Design integration

Communication protocols, software, and design documentation

In 1997 a new access (WWW) to the IFMIF server was implemented (in addition to the previous FTP). It allows
the user to obtain information on the IFMIF design activities directly on the home page. The two addresses are

• ftp.frascati.enea.it to access the FTP Server;

• http://www.frascati.enea.it/ifmif/ to access the IFMIF Home Page (fig. 6.25).

All the official reports of the IFMIF project have been stored in the Frascati server in the following format:
Microsoft Word 6.0.1 for Apple Macintosh.

The page format of the official reports is ISO A4 Portrait (L=21.0 cm, H=29.7 cm).

Official IFMIF project documents are stored in different subdirectories of the /pub/IFMIF directory, which are
named according to the project phases: CDA, CDE, etc. Each project phase directory contains the related

[6.33] F. Bianchi, L. Burgazzi, D. Bonora, Safety analysis of IFMIF target facility system: system analysis, CT-FBB-
00006 (97)
[6.34] F. Bianchi, et al., IFMIF target facility system: safety analysis, CT-FBB-00007 (97)
[6.35] G. Barker et al., Proc. of the 4th Inter. Conf. on Liquid Metal Eng. and Tech. (SFEN), (Avignon 1988) Vol. 3, 606
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document subdirectories: Team Coordinates, Final Report, Cost Report, etc. The subdirectories contain the files
in which the documents are subdivided: chapters, paragraphs, etc.

Some of the documents of the IFMIF project have been stored in the Frascati server in HTML format; their
browsing, directly on screen, is available through standard applications, such as Netscape Navigator, Microsoft
Internet Explorer, etc.

• The following downloading documents (.doc) are available:

• List of IFMIF CDA Team Coordinates

• Conceptual Design Activity Final Report

• Conceptual Design Activity Cost Report
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7.1 INTRODUCTION
The collaboration with CEA, FZK, ECN, SCK/CEN, JRC-Ispra on the development of the DEMO blanket
continued. Contributions were made to the design and supporting experiments of the liquid breeder blanket
(WCLL: water-cooled lithium-lead Pb-17Li) and the ceramic breeder blanket (HCPB: helium-cooled pebble
bed, with lithium silicate as reference breeder material, and zirconate and titanate as alternative candidates),
with special reference to the modules to be tested in ITER.

7.2 BLANKET DESIGN AND SAFETY ANALYSES
For the WCLL blanket, the following analyses and design activities were performed: thermomechanical
analyses of the ITER test module or test blanket module (ITM) (ITBM) (Subtask Al.1.2); neutronics and
electromagnetic analyses of the TBM (Subtask A2.1.2); functional analyses and impact of small leaks of water
in the Pb 17Li (Subtask A6.2.2).

For Subtask Al.1.2, the ITBM was
simulated using the model shown in figure
7.1. Stresses in normal and fault conditions
were calculated by the ABAQUS code.
Results are reported in figures 7.2 and 7.3
(loads in normal conditions: weights and

Fig. 7.2 - Stresses in the central part of the ITBM in normal conditions
(thermal loads, Pa)

Fig. 7.1 - Model used to evaluate stresses in the
ITBM in normal and in faulted conditions

Fig. 7.3 - Stresses in the centra! part of the ITBM in faulted conditions
(niechanical loads, Pa)
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thermal stresses; loads in fault conditions: weights and 16-
MPa pressure due to Pbl7Li/water contact).

For A2.1.2, the loads during a centered plasma disruption
(EMAS code) were evaluated. The results for forces
acting in a vertical direction are given in figure 7.4. For
the same Subtask, neutronic shielding was analyzed by
means of a detailed 3-D model (figures 7.5, 7.6) and the
MCNP code: the first results show that the shielding
capability of the module inserted in the port reduces
nuclear heating in the first layer of the superconducting
coil to the safe level of a few |iW/cm3.

For A6.2.2, a failure mode and effect analysis (FMEA)
was performed for the WCLL test blanket module to
define the possible accident scenarios [7.1, 7.2]. Each
failure was classified, where applicable, as a postulated
initiating event (PIE): a tentative expected frequency was
also defined. The PIEs are related to loss of flow accidents
(LOFAs) and loss of coolant accidents (LOCAs) in the circuits related to the first-wall cooling loop and
to breeder cooling. Possible solutions for water-steam/liquid-metal interaction were indicated. The frequency
evaluation for each accident initiator, coupled with a subsequent accident sequence definition, could be
useful for evaluating the required degree of mitigation on a case-by-case basis. All the PIEs defined are listed in
table 6.IV (chap. 6). The FMEA analysis defined a number of possible situations giving rise to LOCAs
and characterized by various parameters likely to affect the liquid metal/water steam reaction rates. Using
the experimental facilities (see 7.4) it will be possible to investigate the dependence of the reaction rates
on the parameters.

A similar FMEA was performed for the HCPB blanket to identify accident initiators with reference to the safety
aspects of the ITBM and to demonstrate its compatibility with the ITER safety strategy (Subtask B6.1.2).

For both liquid and solid breeder blanket concepts, work was done on implementing the software for the failure-
rate database for breeder blanket systems (Subtasks A7.1.2, B7.1.2). Reliability and availability analyses were

Fig. 7.4 - Vertical forces acting on the ITBM (N)

-500 1000 -200 -100 100 200

Fig. 7.5 - Vertical cutaway of the ITER model, including
the ITBM in the horizontal port

Fig. 7.6 - Enlargement of the ITBM. frame, and
additional shielding inserted in the port

[7.1] R. Caporali, ML T. Porfiri, T. Pinna, Failure mode and effect analysis on the ITER lithium lead blanket test module,
ENEA FUS/TECN S&E TR 24/97
[7.2] M. Futterer et al., Design description document (DDD) for the European water-cooled Pb-17Li test blanket, CEA
SERJvlA/LCA/1911-DMT 96/349



continued (Subtasks A7.2.1, B7.2.1) with a preliminary evaluation of the availability of similar ITER systems
(cooling circuits of first wall, shielding blanket, and divertor), and the CARIDDI electromagnetic code was
implemented on massively parallel computer systems (QUADRICS) (Subtask SBB-BDW-I A 1.3.1).

7.3 TRITIUM PERMEATION BARRIER DEVELOPMENT FOR THE
LIQUID BREEDER BLANKET (SUBTASKS A4.1.3 AND A4.2.3)
The control of tritium losses due to permeation through structural materials is an important issue in fusion
technology, particularly with reference to the blanket because of its safety and operational implications.
Martensitic steels (e.g. MANET, F82H and Batman), the candidate materials for the first wall and structure of
DEMO, have approximately one order of magnitude higher permeability than austenitic steel, so to reduce
permeation, the structural material has to have barriers.

The coating materials on the surface of steel should have a low permeability and/or recombination rate constant.
Aluminum coatings, which form A12O3 at their surface, seem very promising. Earlier permeation tests on
aluminide-coated MANET yielded a reduction in the permeation rate of up to three orders of magnitude [7.3],
Several methods are available for depositing such layers, i.e., plasma spray, pack cementation, chemical vapor
deposition, etc.

The coatings analyzed in this work were produced by Flametal (Parma), PMC (Cento) and CMBM (Rovereto)
using, respectively, detonation jet, air plasma spraying (APS), and vacuum plasma spraying (VPS).

The composition and mechanical behavior of the
coatings were analyzed using, respectively, energy
dispersion spectroscopy (EDS) and a microindentation
technique.

7.3.2 APS coatings

Figures 7.7 and 7.8 show micrographs of APS coatings
obtained with Fe-Ni-Al and Fe-Cr-Al powders. It can
be seen that the coatings have an irregular thickness
ranging from 0 to 150 mm and the typical lamellar
grain structure of plasma spray coatings. Both coatings
are highly porous and have a brittle behavior. The
brittleness could be due to oxide forming while the

Fig. 7.8 - APS coating obtained with Fe-Cr-Al powder

powder particles are traveling in the plasma
flame. The development of oxide is also
responsible for poor cohesion of the lamellar
grains and poor adhesion between coating and
substrate. Scanning electron microscopy and EDS
microanalysis were performed on both coatings.
The EDS results for the Fe-Al-Ni coating showed
that the lamellar grains have a similar
composition to a y-(Fe, Ni) solid solution, with
Fe-Ni-Al and Fe-Al oxides at the border of the
grains and in their bulk. The Fe-Al-Cr coating has
a similar composition to an a - (Fe, Cr) solid
solution. Also in this case, different types of
oxides are found at the border of the lamellar
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Fig. 7.7 - APS coating obtained with Fe-Ni-Al powder

[7.3] A. Perujo et aL, J. Nucl. Mater. 233-237, 1102 (1996)



grains and in the bulk. The microhardness values obtained from indentation on the transversal sections confirms
the hard and brittle behavior of the oxides in both coatings.

The tested APS coatings have not yet produced a significant permeation reduction factor (PRF).

si

7.3.2 VPS coatings

Several attempts were made to produce VPS coatings with Fe-Al-Ni powder, changing the deposition param-
eters (plasma-torch power, carrier-gas flow, and torch-substrate distance). Before the powder was sprayed
onto the substrate, a bonding layer of Ni-Cr-Al powder was deposited to improve adhesion between coating
and substrate. An interesting result was obtained regarding the power of the plasma torch: the coating
produced with high power exhibited poor substrate/coating adhesion; lowering the power resulted in a nearly
defect-free substrate/coating interface. Figure 7.9 shows a micrograph of the coating obtained with low power:
the bonding layer is about 200-jim thick, the coating itself is 400 jam, making an overall thickness of about
600 ,um. The two interfaces (substrate/bonding layer and coating/bonding layer) are defect-free. The coating

is very porous on its external surface and has the
typical lamellar microstructure resulting from
plasma spray techniques. The SEM-EDS

,;, microanalyses on the coating composition showed
that it was homogenous and comparable with the
y-(Fe, Ni) solid solution. In general, the Al

: ' distribution in the Y~(Fe> Ni) solution was also
homogenous, except for some islands with a
higher Al content.

These first results are encouraging for plasma
spray coating development. Some problems are
envisaged with the APS technique since the oxide
formation prejudices the mechanical behavior of
the coating. Further attempts will be made to
improve adhesion and cohesion of the coating,
using both the techniques.Fig. 7.9 - VPS coating obtained with Fe-Ni-AIpowder

7.3.3 Jet detonation coatings

Previous measurements of aluminum deposited by
detonation jet on MANET [7.4] indicated a reduction
factor of about one order of magnitude. The
metallurgical characterization of the jet-detonation-
coated samples is described in detail in [7.5],

The permeation rates of hydrogen through the
bare and coated MANET samples are depicted as
Arrhenius plots in figure 7.10. After 60 h at
773°K in the permeation apparatus, a permeation
rate reduction of about 1000 at 623°K was
observed. Also, the change in activation energy
for the permeation rate in the coated MANET
after oxidation (73880 J mol"1), compared with
that for bare MANET (42400 J moM), indicates
that the reduction effect is not just a consequence
of the decrease in the surface available for
permeation.
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Fig. 7.10 - Arrhenius plot of the permeation rate of
hydrogen through bare and jet-detonation-coated MANET.
Upstream hydrogen pressure 70 kPa

[7.4] G. Benamati et al., Fusion Technol. 2, 1341 (1995)
[7.5] E. Serra et al., Hydrogen permeation barrier for MANET steel by means oj the detonation jet process. Proc. Int.
Workshop on Liquid Metal Blanket Experimental Activities (Paris 1997)



A major drawback of jet detonation deposition is that the aluminum coating has to be heat treated after
deposition in order to obtain an aluminum coating compatible with Pb-17Li and to enhance adhesion and
cohesion. Perhaps the problem could be overcome/mitigated by using a spray technique to deposit pure
aluminum, followed by local heat treatment.

7.3.4 Thermomechanical and permeation tests in Pb-17Li

The aim of this activity is to test coatings that can be used on the structural parts of a DEMO-type breeder
blanket. On these parts of the reactor, e.g., the water coolant tubes, many physical phenomena have to be
considered: the permeation flux of tritium atoms through the steel of the tubes; the mechanical resistance of
steel and coating under the stress conditions foreseen for the structure; thermal stress induced by the
temperature difference between coolant and the lithium-lead alloy used in the blanket; the corrosion resistance
problem caused by the interaction of the alloy with the steel and coating system.

These phenomena have to be investigated separately and then all their effects combined to see how they interact.
In this way it is possible to get a more accurate picture of the on-work behavior of the materials examined.

A special facility (fig. 7.11) for measuring the above parameters has been built.

7.3.5 Alternative TPB coatings: rf magnetron-sputtered TiN thin films

Titanium nitride coatings may be a valid alternative to an Fe-Al based permeation barrier. Previous results [7.6]
indicate that the microstructure and density may be key parameters in determining TiN-film permeability. To
investigate this feature, TiN thin films were deposited on 0.16-mm-thick planar AISI 316 disks of radius 18 mm.
The main parameters of the deposition processes are reported in table 7.1.
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Fig. 7.11 - Schematic of the installation for thermomechanical fatigue and permeation testing

[7.6] G. Benamati, Fabrication and qualification of barrier coatings in ENEA, ENEA ERG/FUS/ISP/MAT/68 (1996)
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The films were applied
with physical vapor deposition
(PVD) using rf magnetron
sputtering. Two different kinds of
sputtering-based processes are
possible: in one, an argon plasma
sputters a TiN target (nonreactive
deposition); the second
utilizes a Ti target, while N? gas
is added to Ar gas in the depo-
sition chamber (reactive
sputtering). Both kinds of pro-
cesses were investigated. Figure
7.12 reports the Arrhenius plot
for DT permeability in uncoated
AISI 316 and F82H steels and in
coated samples (I deposited at
floating potential; TYN/F82H
coated in the same conditions as
sample ! in [7.6]; III-V coated
with imposed bias; VI deposited
by reactive sputtering).

Table 7.1 - Main parameters of rf magnetron sputtered TiN thin films

Sample II III IV V VI

Target

Tdcp (°K)

Vbias (V)

Thickness (mm)

TiN

570

Floating

1.3-1.6

TiN TiN TiN TiN Ti

570 570 570 570 670

-40 Floal./'-20 Float.,-40 Float./ -60 Floating*

1.5-1.9 0.8-1.0 1.2-1.3 0.7-0.8

10" E = activation enenjv for permeation

•• F82
— A IS
• Sam
A Sam

o Sam
• Sam

^ Sam

H.
316.
)le I.

)le III.

i\c IV.
Jle V.

)ie VI.

E = 0.49 ±0.0! eV
E = 0.75 ±0.02 eV

E = 0.50 ±0.04 eV
E = 0.64 ±0.06 eV
E = 0.50 ±0.04 eV

E = 0.73 ±0.03 eV
(-"Time sequence o

ircinenls) E = 2.00 ±0.07 eV

<> SiimplcTiN/F 82 H [7.6]. VFloal = + 4 \
0.0014 0.0016 0.0018

l/TTfO1)

/•'/L;. 7.12 - Arrhcniiis plot for 1) •> penitvahiiity of ij magnetron-sputtered TiN thin

films duo! nr1 s'11'a"' ••;

Although martensitic F82H steel
is one order of magnitude more
permeable than austenitic AISI
3 16 steel, sample I and TiN/F82H
have similar permeability, which
shows that only the deposited barrier determines the permeation flux. With respect to uncoated AISI 316, the
PRF of sample I is 3 at T= 570°K and 9 at T=720°K. At T=770°K a decrease in permeability leads to a PRF
of 62. The reduction in the permeation flux at high temperature is an important feature: it had already been
observed in the TiN/F82H sample, reported in figure 7.12, but it did not occur in samples III-VI obtained with
a bias. In the previous work [7.6], it was proposed that this permeation decrease is associated with TiN-
oxidation phenomena.

Sample II was not permeation-tested because of extended delamination phenomena. Samples III and IV were
obtained with -20 V and -40 V bias potential, respectively. Destruction of the columnar structure, present in
sample I, is reflected in the reduction in permeation fluxes, which are more pronounced for sample IV, which
has PRFs of 17 and 57 at T=570°K and T= 770°K, respectively. Sample V, deposited at Vbias=-60 V, docs not
follow the above trend of a reduction in permeation fluxes with increasing bias potential. This is due to DT
permeation through the film delamination zones, as observed by SEM analysis: indeed, this sample has the
same activation energy for permeability as uncoated AISI 3 16.

The behavior of sample VI is technologically very interesting: no permeation fluxes were observed at T=570°K,
620°K, and 670°K, probably because the fluxes were below the sensitivity limit of the apparatus. At 740°K a
decrease in permeability was observed. The PRF of sample VI with respect to uncoated AISI 316 was about
1500 at T= 690°K and about 290 at T= 770°K.

7.4 Pb-17Li/WATER INTERACTION

7,4,1. Water microleak experiments (Subtask A9.1.1)

One of the major problems in the WCLL blanket for the DEMO reactor arises from accidental contact between
water and breeding molten alloy. The main objective of Subtask A9.1.1 is to study the effect of Pb-17Li /water
interaction due to a microcrack in one of the cooling pipes of the water-cooled blanket module. At the same time
it is necessary to demonstrate that microleaks of water into the Pb-17Li pool can be detected rapidly enough to
avoid significant damage to the blanket.



Up to the end of 1996 a preliminary experimental campaign was carried out in the RELA II facility at ENEA
Brasimone, and the data collected were critically reviewed in collaboration with CEA Cadarache and ENEA-
Frascati.

October 1997 saw the start of a new experimental activity dedicated to

» selecting the correct operating conditions for the next experimental campaign, based on the experience
gained in the 1996 campaign;

• modifying the RELA II apparatus design and completing assembly of all the main components.

In some RELA II tests, a rapid (after a few hours) blockage of the microleaks occurred for a water flow rate
<0.01 g/s through the water injection device. Considering the pressure of the injected water (15.5 MPa), in order
to guarantee a water flow rate > 0.01 g/s and tests lasting longer than 30 h, an injection device with a 560-|i,m-
wide, 20-24-28 jam-deep crack was fabricated.

The fourth RELA II test carried out in the last experimental campaign showed that under the selected
operational conditions the solid reaction products drawn from the circulating alloy tend to block pipes with
diameters smaller than 1 in. To avoid pipe blockage, in the modified RELA II a 2-in-diam return line connects
the test section to the Pb-17Li storage tank (fig. 7.13). This new storage tank, designed for 180 1 of total
volume and equipped with a new electro-mechanical pump, has replaced the tank used in the last
experimental campaign.

The main points of the next experimental campaign are 1) quantitative evaluation of the hydrogen produced in
the reaction per unit mass of water consumed; 2) analysis of the reaction products to determine the possible
formation of LiOH as well as Li2O; 3) dynamics of aggregation of solid reaction products around the injection
device in order to evaluate the behavior vs time of the microcrack.

The last point in particular requires a more detailed study. In effect, the formation of solid reaction products
around a microcrack can produce a significant change in heat exchange with the consequent risk of a hot spot
in the reactor.
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Fig. 7.13 - Schematic of RELA II facility



7.4.2 Large ivater leaks: commissioning of experimental facility and first
experimental design (Subtask A9.2.1)

This activity is devoted to studying the evolution of the interaction between molten lithium-lead alloy and water
in the case of a large leak of water into the Pb-17Li pool. Veiy few experimental data were obtained in the
BLAST experiments carried out at JRC Ispra. Since the operative conditions in these tests were not
representative of the ITM or DEMO blanket, a new experimental campaign has been scheduled within the
framework of the 1997-98 program.

The parameters to be studied in more detail are

• dynamics of temperature and pressure in the test section during the interaction;

<> hydrogen production and evolution;

• aggregation, chemical composition, and transport of reaction products.

The new apparatus LIFUS5 (see also 1996 Progress Report) will be installed in the reaction chamber of the
existing DINA facility at Brasimone. The main components of LIFUS5 (fig. 7.14) are

• a 100-1-vol reaction tank SI;

• a high-pressure water tank S2 (-20 1 of volume);

• a safety vessel S3 (2 m3);

•> a 10-1-vol expansion vessel S5;

• fast-response pressure and temperature transducers.

A quantity of water ranging between 2.5 and 6 Kg will be injected in 5-8 s with an injection pressure of 15.5
MPa, and at a temperature between 265-325°C, which are the same operating conditions of the ITM and the
DEMO blanket.

After finishing the design of the facility, the technical specifications for the whole loop were issued in March 1997.
The call for tender was completed in December 1997. The time for constructing the facility was fixed at 12 months.

Atmosphere

V10 vs

VI

GS2 V14

Fig. /.14 - Schematic of IJFUS5 facility



Modeling of Pb-17Li/water under LIFUS5 operating conditions and geometry is now under study in
collaboration with CEA. CEA have developed the PLEXUS code to simulate the interaction between liquid
sodium and water due to a LOCA caused by a large pipe-break inside the steam generator of a liquid-metal fast-
breeder reactor. In describing sodium/water interaction, PLEXUS is based on some assumptions (e.g., total and
instantaneous chemical reaction) that, if applied to simulate Pb-17Li/water interaction for LIFUS5 operating
conditions, give too conservative results. In fact, from preliminary simulations adapted to LIFUS5 conditions,
the pressure level due to the hydrogen generation resulting from small amounts of injected water is too high to
be realistic. Based on the BLAST experiences, PLEXUS will have to be modified according to the
characteristics of Pb-17Li/water interaction:

i) a possible water-hammer effect due to the impact of high-pressure water on molten alloy;

ii) a thermal reaction producing water vaporization and resulting in a sudden increase in pressure;

iii) slow reaction kinetics caused by the low Li concentration in the alloy and by the solid reaction products
that act as a shield between the reactants;

iv) possible thermal exchange between gaseous and liquid phases because of the longer time scale of the
reaction.

The proposed schedule for future work is summarized below:

» End 1997: a complete simulation of the BLAST experimental campaign, using the unmodified PLEXUS
version to verify in more detail the discrepancies between PLEXUS predictions and experimental results;

• Mid 1998: completion of the modifications to PLEXUS, taking into account all the mechanisms of Pb-
17Li/water interaction;

• End 1998: implementation of the modified PLEXUS to simulate the BLAST experiments and, if the fit is
satisfactory, a prediction of the pressure and temperature evolution in LIFUS5 experiments.

7.5 CERAMIC BREEDER MATERIALS DEVELOPMENT

7.5.1 Interaction chemistry of purge gas with Li^SiO^. pebbles (Suhtask B8.3.3) [7.7]

The chemical reaction of Li4SiC>4 "pebbles" with hydrogen and water was studied using a "temperature-programmed
desorption/reduction" (TPD/TPR) apparatus (fig. 7.15) in conditions simulating DEMO breeding blanket operation.
Helium and He + H2 (0.1%) purging gases were tested, as already done for Li2Zr03 breeder materials [7.8].

The water uptake, release, and generation (due to H2 ,
reduction) of the pebbles were measured as a function
of water partial pressure P in the environment (from
0.5 to 80 Pa), temperature T (from 300 to 900°C), and
exposure time. The water concentration inside pure
Li4SiC>4 pebbles (A type with small grain size) was
found to be comparable to that of Li2O. The examined
reference material was, however, a SCHOTT-
produced batch (B type with pebble size = 0.55 mm,
large grain size (40-200 |Um) containing TeO2 (-2%)).
SEM-EDX microanalysis showed that tellurium was
lost from the B pebbles during annealing under He at
800°C; TeO2 was visible as a separate phase on the
surface of the Li4SiC>4 pebbles. Hence, as confirmed
by neutron activation and SEM-EDX analysis,
tellurium is completely removed, and when reduced
under He + H2 (0.1%) purging, a lot of water is
produced following the reaction:

Ha

Fig. 7.15 - TPD/TPR apparatus

[7.7] C. Alvani et al., Interaction chemistry of purge gas with Li4Si04 pebbles, ENEA INN/NUM A/MATAV 1998( 1)
[7.8] C. Alvani et al., J. Nucl. Mat. 250, 250 (1997)



Table 7.1! - Parameters characterizing water content Xe(J inside
Li4Si04 pebbles when exposed to He and H2 purging gases

under "steady-state" (equilibrium) conditions

Purge gas

Pebble type

Helium Helium He+H2 (0.1%)

boi (Pa"1-)

Q, (kJ/mol)
(endotherm.)

ST (umol/mol)

b0 2 (Pa-1'2) lO"9

Q2 (kJ/mol)
(exothemn.)

97 ±83

30 = 8

424+ 103

3.2 x 1

-112 ±3

139 ±20

32 ± 1

112 ±31

8 ±0.3

-115 + 3

185 ±40
34 ± 2

195 ± 7 0

6.5 ± 3

-100 + 5

Li4Si04: Water mole fraction in He + 10 Pa of H?O
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Fig. 7.16 - Arrhenius plot ofXeq in LiyO. A and B
pebbles at ihO vapor pressure of 10 Pa
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TeO2 + H2 -> H2O + Te(gas at 800°C) -> H2O + Te (deposited on cold lines)

However, the study on these "reduced" pebbles was completed. Under steady-state exposure two contributions
to the total water equilibrium concentration (Xcq= Xy + X2) could be distinguished. The first X|=b[VP
dominates above 650-700°C, is endothermic, and does not depend either on the microstructure or the presence
of H2 in the system. The second X2 = S2b2VP/(l+b2VP) dominates at temperatures below 600°C, is exothermic,
depends on the pebble microstructure, and follows a dissociative Langmuir-type law. Generally, bj=boje~Ql/RT;
i=l,2; the parameters of the XCq function that best fit the experimental data are reported in table 7.II.

As shown by the Arrhenius plot of the "isobars" obtained at a moisture level of 10 Pa (fig. 7.16), a "minimum"
of the HoO inventory in the pebbles was observed at the temperature at which X| was found to cross X9, which
occurs at 600°C for the B and at 700°C for the A specimens, the lower temperature indicating the better
performance of the Te-doped material for tritium release.

The water uptake/release evolution with time was also investigated and empirically modeled for the various
materials/exposure conditions. The water transport rate (release/uptake) was much faster for the B than for the A
pebbles. At 550°C the water residence time (TH,O) 'n ^ w a s found to be T^9Q=32.5 h, while in B it was Tr-i?o

=2 h.

Hence, Te-doped large-grain-size I^SiC^ pebbles had a better
performance relative to the water transport rate and water
inventory in operational conditions.

Tritium release tests were performed on the B pebbles irradiated
in the TRIGA-Mark-II reactor of ENEA Casaccia. Temperature-
programmed desorption annealing tests (fig. 7.17) gave results
that were qualitatively consistent with the above reported water-
transport phenomenology.

Fig. 7.1
B-type 1

60 90 120
Time (min.)

7 - TPD spectra of tritium release from
ijSiOj pebble specimens

7.5.2 Fabrication of Li-^riO^ pebbles by wet
methods (Subtask B8.2.2) [7.9]
Li2TiC>3 pebbles were prepared by agglomerating and sintering
commercial Li2TiC>3 powders. They were used for solubilization
tests because "wet" fabrication routes (starting from precursors

[7.9] C. Alvani et al., Fabrication of Li {FiO $ pebbles starting from mineral acidic lithium nitrate-titania slurry, ENEA
INN/NUMA/MATAV 1997(4)



Table 7.III - Characteristics of Li2TiC>3 pebbles produced
by ENEA

Characteristics

Smear (tap) density (g/cm3)

Apparent density (g/cm3)

Density by He picn. (g/cm3)

Open/total porosity

Surface area (SA) (m2/g)

Spherical equiv. g.s. (|.im)

Estimated SEM g.s. (\im)

Average pebble diam (mm)

Aspect ratio

Batch FN-2

1.40

2.33

3.413

0.99

0.092 ±0.01

19

2-20

0.87 ±0.08

1.2 ±0.4

Batch FN-1

1.02

1.70

3.429

1.0

0.093 ±0.01

18.8

10-30

1.56 ±0.06

1.0 ±0.05

in solution) suitable for ^Li depleted ceramic-breeder
reprocessing have to be developed. These pebbles were
found to be destroyed by nitric acid (5 M) under boiling
reflux conditions, with the formation of slurries containing a
peptized insoluble titania (rutile) without any trace of
crystalline Li compounds. Fig. 7.18 - FN-2 batch: SEM image of a single

Li2TiO^ pebble and its surface morphology
Hence, slurries of stoichiometric amounts of LiNC>3 and
TiO2 powders in 5M HNO3 were used to prepare Li2TiC>3
powders by progressive dehydration, denitration, and final calcination to complete the synthesis. A
plasticizing/binding agent was then added to these powders in ethyl alcohol in order to obtain primary granules
(diam. 2 - 1 mm), which were then placed in ajar and shacked in a Planetary Mill whose operating conditions
were selected in order to optimize granule spheroidization. The sintered pebbles had the characteristics reported
in table 7.Ill (batch FN-1). To improve the density and to reduce the pebble dimensions the Li2TiC>3 powders
were subjected to a preliminary milling step. Granulation and spheroidization were performed in nearly the
same conditions as used for batch FN-1. The spheroids were then isostatically pressed at 100 MPa, and sintered.
The characteristics are reported in table 7.Ill (batch FN-2).

Since the densities, as measured by helium picnometry, are quite close to the theoretical value, the porosity of
both specimens must be considered almost fully open. It should be noted that the second batch FN-2, in addition
to a sensibly lower amount of total porosity (32 vs 50%), is characterized by a much finer pore size distribution
(fig 7.18) and consequently by improved mechanical properties.

7.6 NON-NUCLEAR TESTS FOR THE SOLID BREEDER BLANKET IN
THE HE-FUS3 FACILITY (SUBTASK B3.2.2)

ENEA's contribution to the experimental support to the design of the European DEMO HCPB solid breeder
blanket [7.10] is based on utilization of the HE-FUS3 facility of ENEA Brasimone.

The first objective of the Subtask is execution of the tests to qualify the capability of the HE-FUS3 facility for
performing experimental test campaigns on thermomechanics and thermal-hydraulics, both in normal and in
off-normal conditions, for the HCPB blanket. The cycling fatigue tests, carried-out on a dummy mockup, were
concluded by mid-1997. The pulse thermal cycle reached a period of 750 s. During the burn phase, the maximum
temperature rise velocity had reached 5°C/s with an overall temperature gradient of 0.5°C/s, in the range 350-
520°C (fig. 7.19). The helium flow rates reached the reference value of 0.35 kg/s at a pressure of 9.5 MPa.

si

I-

[7.10] M. Dalle Donne et al., Development of the EU helium cooled pebble bed blanket, Proc. 4th Int. Symposium on
Fusion Nuclear Technology, ISFNT-4 (Tokyo 1997)
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The facility's capability to host further medium-size
HCPB mockups was checked, as a first step to
upgrading it to cope with the future European program
on the blanket. A preliminary design of some
modifications to the original compressor was jointly
done by ENEA, the Istituto per le Ricerche di
Tecnologia Meccanica e per l'Automazione (RTM)
S.p.A., Turin, and the University of Genoa. To optimize the blade geometry, a new impeller design and a new geometry
for the labyrinth seals and the stator vanes were examined using a specific 3-D fluidodynamic computer code.

An improvement to the design of the original pneumostatic bearing system, useful for increasing the
performance in terms of helium flow rates, was successfully tested in September 1997.

The second objective of the Subtask is a to prepare the HE-FUS3 facility for off-normal thermal-hydraulics tests

HCPB MOCK-UP FOR HE-FUS3 - Exploded view

Fiji. 7.20 - ITM e.xpen'iiH'nuil inockup for IIF-FUSJ
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to simulate the operating conditions of the blanket module during LOCAs/LOFAs. For this purpose, a second
mockup, consisting of a 3-m-high, flanged, 7-pin bundle module with a total electrical power of 320 kW, was
tested under steady-state conditions at a maximum cladding temperature of 550°C. The electrical power supply
unit, based on a single/three-phase silicon rectifier control system, was also successfully tested. The LOCA-
LOFA thermal-hydraulic theoretical transient analysis of HE-FUS3 and its 7-pin mockup, using the ATHENA
code, started in 1997. A first steady-state simulation of the facility and its main piping system and components
was carried out.

The third objective of the Subtask is the design, in collaboration with Forschungszentrum Karlsruhe (FZK), of
a new mockup to be experimentally tested in the HE-FUS3 facility. This mockup will represent a medium-scale
portion of the ITER test module (HCPB concept). The preliminary design was begun by ENEA in the first
months of 1997, and the proposal was presented at a specific meeting held at Brasimone in November 1997
[7.11]. At the meeting, the general arrangement of the mockup was examined with both lithium-ceramic and
beryllium pebble beds properly reproduced inside the box (fig. 7.20). The mockup will be supplied with a
surface heater for the plasma first-wall heat flux and with some heater plates for the internal volumetric heat
generation in the breeder and multiplier zones. Some thermal-hydraulic and thermomechanical calculations
have been carried out to get a preliminary evaluation for the mockup fabrication (fig. 7.21).

I"
5i

[7.11] G. Dell'Orco et al., 1st Meeting on 1TM HCPB Medium Size Out-of-Pile Mock-Up Design ioi HE-l-LSl Facility,
Brasimone, 12th-13th November 1997



8. Under[ying

8.1 INTRODUCTION
During 1997 activities continued on the following:

• Plasma-facing components (PFCs) and materials: development of a fabrication method for SiC/SiC ceramic
composite materials (for PFCs and stmctural applications) in collaboration with the Italian company of FN
Nuove Tecnologie e Servizi Avanzati (Alessandria), using the SiCFILL manufacturing process; development of
a design code for SiC/SiC components; development of a miniaturized test method for the mechanical
characterization of neutron-irradiated materials for fusion reactors; development and characterization of joints
between armor materials and heatsink and characterization of PFC materials.

• Superconducting magnets (SMs): development of Nb3Al superconducting strands in collaboration with
Europa Metalli, utilizing the jelly-roll fabrication method.

• Remote handling (RH): basic studies in the remote handling field in preparation for the actual operation of
the divertor cassette installation/removal and refurbishment sequences.

A new activity related to the European Fusion File Nuclear Database
cross sections of reactions between high-energy neutrons and elements
of breeding or structural materials was started.

The financial effort, including personnel expenditure, came to about
860 kECU.

8.2 PLASMA-FACING COMPONENTS

8.2.1 New products and processes for manufacturing
SiC/SiC fiber ceramic composites

An innovative manufacturing process (called SiCFILL) for SiC/SiC
fiber ceramic composite components was developed and patented by
ENEA [8.1, 8.2] in 1996. In 1997 work continued in collaboration with
FN on applying the process to the production of components with
different shapes and geometries and on the use of several types of
ceramic fibers and preceramic polymers.

The manufacturing procedure is shown schematically in figure 8.1.
Preceramic polymers are mixed with SiC nanopowder suspensions to
form a slurry that is then used for pre-pregging the ceramic fiber fabric
woven or folded so as to reproduce the size and shape of the final
component. After thermal pyrolysis at high temperature, which

Slurry preparation
(SiC nanopowders+solvent+X)

Polymer preparation

T
Slurry + polymer

\

Fiber pre-pregging

T
Solvent evaporation

Composite lay-up &
curing

Pyrolysis

T

Fig. S.J - SiCFILL manufacturing
procedure

[8.1] A. Donato et al., Ceramic matrix composites and process for the production thereof by liquid infiltration of ceramic
polymeric precursors and use of nanometric powders, Europ. Patent Application N. 97830161.2 (C04B 35/80), 04.04.1997
[8.2] A. Ortona, Materiali compositi a matrice ceramicaper applicazioni termostrutturali ad alta tecnologia, FAST Conf.
on Materials Research and Technological Perspectives for the 2000 years (Milan 1997)
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transforms the polymer into a ceramic matrix, the
procedure is repeated several times (usually 6 or
7), infiltrating the component to be manufactured
with a liquid solution of the preceramic polymer
alone, which is then pyrolyzed. In this way, the
density and mechanical strength of the material
increase step by step, while the material porosity
decreases similarly. Figure 8.2 reports stress-
strain curves measured after each cycle of the
process; figure 8.3 shows the microstructure of
the material produced.

/ t, S / Sr IHL (.\(W i i s >l "iiCFILL component production.

SiL lit {.i \ L ilmi '\i i o i Carbon), Tyranno (USE).

\l\TRl\ S ( o, (Pi micti in: F.\:. Process: ENEA Patent)

It has been ascertained that the SiCFILL process is
compatible with different types of preceramic
polymers (polycarbosilane, silicon resin, starfire,
etc.) and ceramic fibers (Nicalon Cg, H-Nicalon,

Tyranno and others). Figure 8.4 shows some examples of components produced with the SiCFILL process.

8.2.2 Development of a design code for SiC/SiC components

Ceramic matrix composites strengthened by long fibers are gaining a very important place both in fusion
applications and in several other industrial sectors where traditional materials cannot be used (aereospace,
energy, automotive, etc.). In parallel with this growing industrial interest, it is necessary to develop new
calculation methodologies for evaluating the resistance of materials to thermal and mechanical loads and for
designing and constructing components.

In principle the finite-element method (FEM), traditionally used in mechanical engineering, can be used with
these new materials, and several software applications have been developed for the most common FEM codes
to evaluate the stress and strain of industrial components made with composite materials. CASTEM2000,
developed by CEA in France and distributed in Italy by ENEA, is one such code and can be used to perform
thermal (transient and steady-state conditions) and mechanical analyses (elastic and plastic materials behavior).

ENEA enhanced the code by introducing some innovative features enabling the user to program the code's
functions in order to get the values of the thermal and mechanical characteristics. Debugging can be carried out
during the user's work section, and the input program can be performed by a programming language with about
300 standard operators and software procedures, which comprise a set of programs specifically developed for
orthotropic materials and for evaluating the stress and strain of a structure. An example of CASTEM2000
graphic output is reported in figure 8.5. The characteristics of a single lamina are defined by specifying the
principal orthotropic orientations (compared to the absolute coordinate system) of the material and the values
of its mechanical characteristics (Young's moduli, Poisson and shear stress elastic coefficients). There are two
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critical points to consider when developing a methodology
to design industrial components manufactured from ceramic
matrix composites:

• the pre-processing model for evaluating lamina stiffness;

« the post-processing model for evaluating the fracture
probability of the material.

The first phase of component design concerns the problem
of developing and implementing theoretical models for
evaluating the matrix stiffness of the composite, taking into
account the particular material to be used (fiber and matrix),
in relation to the stresses and manufacturing costs of the
components.

The characteristic orthotropic parameters of the material can
be evaluated either by mechanical tests or by using one of
the predictive theoretical models for laminate stiffness. For
composite materials reinforced by plain waves, twill weave
or harness satin, the Fiber Undulation Model is the most
interesting and can be used as a pre-processing model to
evaluate the parameters.

One of the aims of this work is to compare the two different
approaches. A set of specimens has been manufactured to
perform tensile, compressive, and short-span bend tests. In
this context, it has also been necessary to design and
manufacture a new clamping system for the mechanical
tensile tests.

Fig. 8.5 - CASTEM2Q00 output for a flange pipe
with internal pressure

A critical point in component design is the reliability of the
material during operational conditions, so an accurate model
for evaluating it is crucial, especially since ceramic

composites often show very limited elastic behavior, necessitating evaluation of the material damage vs stress.

The design methodology for a new industrial component must also take into account flaw distribution and crack
growth in the matrix and fibers. A new approach has been developed to evaluate the phenomena and will be
verified by processing the mechanical characterization data.

8.2.3 Mechanical characterization of materials by a small-scale penetration test

The flat-top indenter for mechanical characterization (FIMEC) is based on constant-rate penetration by a
tungsten-carbide flat punch (1 mm diam, 1.5 mm high). During the test, the applied load and the penetration
depth are measured and plotted in a diagram. The load penetration curves thus obtained can be used to
determine the characteristic loads that can be correlated to the mechanical strength of the material to be tested:
a limit load qy is reached after an initial linear stage, followed by a work-hardening stage in which the load tends
to a saturation value qs. It has been demonstrated by previous work that in well defined conditions qv=3cy (oy

is the yield stress) and qs=3ou (au being the ultimate tensile stress).

Among other advantages the FIMEC allows several tests to be performed in a small volume of material, which is very
useful for irradiated specimens because of the space limitation of irradiation capsules. Hence, remote-control apparatus
(fig. 8.6) suitable for hot-cell testing [8.3] was designed and manufactured. A verification of the applicability limits and
a sensitivity analysis were also carried out on materials with different structural and mechanical characteristics:
polycrystalline metals, light alloys, refractory alloys, steels, metal matrix composites, and particle-reinforced alloys.

[8.3] A. Donato et al., Remotized FIMEC apparatus for the mechanical characterisation of neutron irradiated materials,
Proc. ICFRM-8 Conference (Sendai 1997)



Fig. 8.6 - FIMEC apparatus for mechanical characterization
of fusion materials

Table 8.1 - Comparison between yield stress ov obtained in
standard tensile test and qy/3 obtained in FlMEC test.

A=(dv-qv/3)/av (X not available)

The facility consists of a robust frame dimensioned
for a maximum clastic deformation of the order of
1 mm in maximum load conditions (lOkN). The
frame supports a stepping motor that provides the
electromechanical drive of the indenter: the
penetration speed can be adjusted in the range 0.006
to 1.2 mm/min. The penetration load and
displacement are monitored by means of a load cell
and a linear voltage displacement transducer
(LVDT). A feedback unit and a motor control unit
connected to the LVDT allow constant penetration
speed with increasing load up to 10 kW. The
indenter and the specimen holder are contained in a
thermostatic bath in a box. The bath allows tests at
temperatures from -180 to +200°C (water or oil
baths are used for high temperature, ethanol-water
solution or liquid nitrogen for low). Hence, it is
possible to obtain information on the ductile to
brittle transition temperature (DBTT) of ferritic and
martensitic steels and other brittle materials.

Parallel to the design and manufacturing activities
the experimental database has been increased by
including heatsink and refractory metals for fusion
applications. The new results, including for
reference the yield stress from a standard tensile
test and the relative difference A, are listed in table
8.1. The A values remain within the range ±0.15, so
the FIMEC results are close to the tensile test
values. Particularly interesting are the results for W-
l%La2O3, which is characterized by strongly
oriented grains: different values were measured
parallel and perpendicular to the grains, showing
that the FIMEC is able to give yield variation
relative to grain orientation. Likewise, FIMEC tests
performed at 100°C on MANET steel following the
different steps of a thermal treatment at 700°C
allowed the yield stress relative to the duration of
the thermal treatment to be monitored. In this case
too, the results obtained were in good agreement
with those from the tensile test.

8.2.4 High-efficiency thermal shield

In the context of activities connected with
validation and qualification of the high-efficiency
thermal shield (HETS) for high-heat-flux
components, a campaign was launched to
manufacture mockups armored with carbon-fiber
composite (CFC). Two components armored with
CFC flat tiles were constructed.

One of the two mockups underwent thermal-
hydraulic tests (table 8.II) at the FE200 electron-
beam facility during the first week of October 1997.

Due to the limited time available, only screening up to maximum power and limited-cycle thermal fatigue tests
were possible.

Material

Al

Cu

Zn

Mo

Al-7%Si-SiC

A986 deformed

Cu-5%Zn-7%Sn

GlidCop*

Cu-0.65Cr-0.08%Zr*"

Fe-40%Al+l%Y2O

W~l%La2O3(J_)

W-l%La2O3(!|)

TMZ

AISI 1040

MANET 11

BATMAN-1951

BATMAN-1952

BATMAN-1954

BATMAN-1955

BATMAN-1953

BATMAN-1954 b

BATMAN-1956

F 82 H Mod.

Tensile test
<jv(MPa)

60

190

55

540

280

35

145

483

306

922

765

X

960

450

640

510

510

490

520

520

490

510

520

FIMEC test
qv/3(MPa)

55

185

55

560

275

32

127

420

285

980

710

850

910

425

575

440

445

470

445

510

455

500

490

A

0.08

0.03

0

-0.04

0.02

0.09

0.12

0.13

0.07

-0.06

0.07

0.05

0.06

0.10

0.14

0.13

0.04

0.14

0.02

0.07

0.02

0.06

* Glidcop (Cu-0.48 A12O,) deformed 20%
s* Elbrodur HF heated al 450°C



Table 8.11 - Thermal-hydraulic parameters

Water pressure
Inlet water temperature
Mass flow rate
Heated area

15 bar
100°C(ATsatsl00°)
3.0 kg/s
50x50 mm

During the screening test, the mockup was heated until
steady-state conditions were reached. The incident heat flux
was gradually increased up to the maximum limit, which was
generally related to the reliability of the joint between armor
and heatsink or to the maximum allowed surface temperature
of the CFC in the vacuum chamber of the electron beam
facility (usually in the range 2000-2500°C).

The mockup was tested for about 4-h equivalent continuous
operation. The screening up was stopped because of the high

temperature level reached at 17 MW/m2 (about 2300°C). The surface temperature behavior was linear, suggesting that
no degradation of the joint occurred. It should be noted that the value of the surface temperature is strongly dependent
on the type and quality of the CFC. For availability reasons, the tiles were made of SEP N112 CFC, which has relatively
low thermal conductivity; the use of more advanced CFC should lead to a significant reduction in the surface
temperature (below 2000°C).

After the screening test, a limited thermal fatigue test campaign was performed to get an idea of how the HETS
behaved under this phenomenon; however, to limit the amount of the graphite vapor released during the thermal
fatigue tests, it was decided to apply as thermal load 75% of the maximum heat flux reached during the
screening (i.e. ~14 MW/m2 applied for 10 s).

The mockup survived 200 cycles in the above conditions. The test was stopped because the allowed testing time
had been used up. No changes in the in the temperature-profile history were observed from the first to the last
cycles, so no damage of joints occurred.

8.2.5 Evaluation of residual stresses of brazed joints and comparison with
neutron diffraction results

si
5

Section A -A

The scope of this research is to define an analytical tool for evaluating the residual stresses caused in a
brazed joint by the thermal cycle of the brazing.
The neutron diffraction experimental technique
will be used in order to evaluate the stresses to be
compared with the results of analytical
calculations. Since the direct results of neutron
diffraction measurements are the lattice
parameters of the material, therefore strain values,
the stresses must be obtained by a transformation
through the stiffness matrix of the material. This
means that the strains must be measured using
different incidence angles of the neutron beam, so
a more complicated device (typically a Eulerian
cradle) is required for keeping the sample in the
required position.

The sample was obtained from an FTU
radiofrequency window in order to have a simple
geometry, easily reproducible with the finite
elements, as well as a precise thermal history of
the sample (fig. 8.7). The sample is an alumina
joint brazed on Ti 6A1 2Sn 4Zr 2Mo alloy. Since
the characteristics both of the alumina and of the
structural alloy are well known, they can be used
directly to get the required data. The sample will
be tested at Laboratories Leon Brillouin, Saclay.
The tests will be done at different temperatures to
obtain a stress map of the sample during the stress
relief treatment.

3.6

6.1

GC

' ^ . ^ ~ / \ ' ' ^ •

12.6

16.5

Al- Materals:
Frame: Ti 6A1 2Sn 4Zr 2Mo
Window: alumina 97

Fig. 8.7 - Sample used for residual stress measurements



8.3 MAGNETS: Nb3Al CONDUCTOR DEVELOPMENT
The experience gained at Europa Metalli in manufacturing internal tin N ^ S n multifilamcntary strand for ITER
was used to improve the jelly-roll approach for fabricating Nb3Al multifilamcntary wires.

Europa Metalli was able to obtain Nb3Al wires in unit lengths >500m by using commercially available Nb and
Al foils. However, the critical current density was rather low, in the range of 300A/mm2 at 12T, 4.2K.

To improve the transport properties, the final thickness of Al and Nb inside the strand should be further reduced.
Results obtained so far appear to represent the limit for the workability of commercially available Nb foils.

An extensive R&D program would be required to develop either specific foils of pure Nb and Al or suitable
additions of other elements in order to improve the workability.

83,1 High critical temperature superconducting current leads

The design of 2-kA leads based on bulk 2212 B1SCCO or multifilamentary 2223 BISCCO tapes was completed.

The basic materials have been received and most of the components to be assembled inside the leads have been
fabricated.

The program has been slightly held up owing to the reduced availability of technicians, who have had to
concentrate on priority activities.

^ 8.4 REMOTE HANDLING
si

^ Basic laboratory support-activities in the remote handling field have been carried out at Brasimone since 1994.
C^ Studies on the development of remote sensing techniques (specific sensors, data acquisition systems, image
^5^ processing, computer simulation) continued during 1997.

^2"") In particular:
K.

Ns; • Computer simulation studies were carried out on the ITER Divertor Test Platform model, i.e., the cassette
J~ movers and mockups and the surrounding reactor environment were "built" by using a TELEGRIP simulator,
tr-* and the virtual operational sequences were successfully carried out.

® Data acquistion (DAQ) systems were developed and laboratory tested. A DAQ system was used for data
collection and analysis during basic friction tests on special materials for the ITER divertor cassettes and
superconducting magnets.

• New sensors were procured in order to evaluate their suitability for laboratory applications: new, more
precise, ultrasonic sensor models with a narrower spread angle were used for distance detection on the Divertor
Test Platform.
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9.1 OTHER NEUTRONICS ACTIVITIES

9,1.1 Gas dynamic trap neutron source

In the framework of the collaboration with the Budker-Novosibirsk Institute (program supported by the
International Science and Technology Center, Brussels), the shielding studies on the gas dynamic trap (GDT)
neutron source [9.1] were completed and successfully demonstrated that the proposed shield design ensures the
survival of the facility as per project tolerances. All
simulations used the VINIA 3D-MCSC ray in-depth
probing technique, and ENDF/B6 & JEF2 nuclear data
banks, with no group degradation. The latest results were
obtained on the IBM-9076-/304-SP2 (parallel-power)
16-node Frascati computer. The calculations show that
although the GDT facility creates a wall load varying
between 0.4 and 0.9 MW/m2 (fig. 9.1) with a gradient of
less than 1 %/cm inhomogeneity over a 6-m2 cylindrical
surface, with adequate shielding (as proposed) its vital
parts would survive for the prescribed lifetimes:
superconductors for the full 10-year life of the facility,
hot magnets for 3 years, ion-sources as if not irradiated.
The use of at least one of the deep spaces presently
available in the facility is proposed for a tritium-bred
extraction benchmark. The full set of results and
conclusions has been submitted for publication [9.2].

-400 -200 0 200 400
Axial position Z (cm)

600°

Fig. 9.1 - Axial variation of the directly emitted (14-MeV
neutron) flux along a first wall at radius R= 12.Son (right
outside space interfering with plasma) given both as
neutron flux fit)1'1 n/an- s] (left ordinate) and as wall-
load [MW/m-] (right ordinate)

9.1.2 Collaboration with the CNR Institute of Space Astrophysics - Calculation of
the response matrix of the GRBM experiment

Work continued on evaluating the real-response matrix of the gamma-ray burst monitor (GRBM) on board the
Beppo-SAX satellite [9.3].

The entire satellite (fig. 9.2) has been modelled and a benchmark experiment is to be performed. The task is an
iterative process in which the provisional results are used to review both the model and the analytical calibrations.

The MCNP.4A code is being used for simulation of the on-ground calibration setup, and once a good level of
confidence is reached, it will be used to reconstruct the direction, intensity, and spectrum of cosmic gamma-ray
bursts [9.4].

[9.1] B.V. Robouch el al., EN1-A Report, RT/ERG/FUS/95/27, Frascati Research Center
[9.2] B.V. Robouch et al., Radiation shield feasibility study for fusion material irradiation facility GDT-NS (Novosibirsk)
using two-step Monte-Carlo and in depth ray probing VINIA code, submitted to Fusion Engineering & Design
[9.3] M. Rapisarda et al., The gamma ray bursts monitor on-board Beppo-SAX: the Monte Carlo simulation for the
response matrix, Proe. SPIE Int. Conf., SPIE 3114 (San Diego 1997)
[9.4] E. Costa et al., Nature, 387 (1997)
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Fig. 9.2 - A sketch of the satellite showing the position of the nine
instruments on board Beppo-SAX
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Fig. 9.3 - Response functions of the four lateral shields to a
monochromatic -"Co source. The dashed lines represent the
experimental response function; the solid lines, the response simulated
bv the Monte Carlo; the dotted lines, the simple cosine response that
one would expect if the effects were purely geometrical

Figure 9.3 reports the response functions of
the four lateral shields (LS) to a
monochromatic 57Co source (122 keV)
located in 36 positions, 10° apart from each
other, along the equatorial circumference
of radius 5 m.

The model will be refined until the
agreement between experimental and
simulated data is satisfactory for al!
energies and positions.

9.2 ADVANCED
SUPERCONDUCTING
MATERIALS AND DEVICES

Research activity of the Advanced Super-
conducting Materials and Devices group
was mainly focused on large-scale
applications of high critical temperature
(HTc) superconductors. In this context,
YBCO-based tapes, considered the new
generation of HTc superconducting tapes,
and the dissipation properties of HTc
superconductors were studied.

9.2.1 HTc Superconductors:
manufacturing of tapes for high
magnetic field operation at
liquid nitrogen temperature

Introduction

The future of HTc superconductor
application in a high magnetic field at
liquid nitrogen temperature (65-80 K)
mainly depends on whether the
technological problems in fabricating
YBCO tapes can be solved.

Studies on critical current density Jc

revealed that for a polycrystalHne
specimen, macroscopic Jc is much lower

than intragranular Jc. This decrease is attributed to grain-boundary phenomena. Generally, intergranular Jc is
strongly affected by chemical impurities and off-stoichiometry phases located at the grain boundaries as well as
by grain boundary misorientation. For clean and stoichiometric grain boundaries, intergranular Jc is decreased
mainly by grain-boundary misorientation. The dependence of intragranular Jc on the misorientation angle has
been determined by Dimos et al. [9.5] in YBCO films epitaxially grown on bicrystal substrates. Grain
boundaries with misorientation angles larger than 10° were found to behave like weak links. Dimos' experiment
clearly showed that for an increase in Jc it is necessary to manufacture HTc materials with low misorientation
angles (textured materials).

The methods for obtaining high-current HTc superconducting tapes consist in depositing YBCO thick films on

[9.5] D. Dimos, P. Chaudari, J. Manhart, Phys. Rev. B41, 4038 (1990)



oxide buffered metallic substrates. Here, biaxial textured metallic substrate is used and studied. Both the buffer
layers and the YBCO film are epitaxially grown on the metallic substrate.

This activity is being carried out in collaboration with the Centro Innovazione Lecco and the Department of
Physics of the University of Salerno.

Metallic substrates

It is well known that {100}<l 00> cube texture can be developed in face-central-cubic (FCC) metals, such as
Cu and Ni. In spite of the easy texturing of copper, oxidation and the poor mechanical properties remain
obstacles to its use as a substrate. On the other hand, although nickel is a better substrate because of its superior
mechanical and chemical properties, its drawback is its ferromagnetism.

Textured nickel substrates were used in this experiment. The cube texture in Ni of different purities (99.995%,
99.99%, and electrolytic purity) was produced by cold rolling to over 90% deformation, followed by
recrystallization at temperatures ranging from 400 to 1000°C. Thermal treatment was performed in vacuum and
in a mixture of Ar+1%H2- There are two major problems connected with the use of textured Ni substrates: the
texturing degree and the grain boundaries, so the study was focused mainly on these aspects. Figure 9.4 shows
the 9-29 diffraction pattern of tapes of Ni of different purities, thermally treated in vacuum for 4 h at 900°C. As

can be seen in the figure, the intensity of the (111) peak
decreases with increasing purity, so this peak is absent for the
sample corresponding to 99.995%, indicating a complete in-
plane orientation. It was noted that from 400 to 1000 °C the
temperature and the length of treatment are not as critical as the
purity of the Ni. From the viewpoint of texture, the samples
treated in an Ar+1%H2 mixture have a similar behavior to the
samples in vacuum.
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Fig. 9.4 - X-ray 0-26 diffraction pattern of Ni
tapes of different purities thermally treated at
900°C in vacuum for 4 h

The morphology of the grain boundaries is essential to
obtaining high critical current density YBCO thick films.
Prominent boundaries hinder the coalescence of the film over
a large area. Figure 9.5 reports the scanning electron
microscopy (SEM) micrographs for Ni tapes thermally
treated for 4 h at 900°C, in vacuum and in an Ar+1%H9
atmosphere. Here, the grain boundaries are deeper for the
sample treated in vacuum; this could be attributed to
sublimation of the material at the grain boundaries (thermal
etching). Crystallization under a 1-atm mixture of Ar+1%H2
produces a larger reduction in the grain boundaries, but it
does not completely eliminate them. These results indicate
that a supplementary polishing is necessary to improve the
substrate surface morphology.

W
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Fig. 9.5 - SEM micrographs for Ni tapes thermally treated at 900° C for 4 h in vacuum a) and in Ar+ I%H2 atmosphere b)



Fig. 9.6 - SEM micrographs ofelectrochenucally

polished biaxially textured AY tapes
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Electropolishing of Ni substrates using a HCIO4 based
electrolyte was also experimented. During the polishing process
the electrolyte temperature was maintained at 10°C, with an
anode-cathode voltage of 40 V. Under these conditions the
current density was about 0.5 A/cm2. Figure 9.6 shows the SEM
micrographs of an as-polished sample.

Surface Analysis. The atomic composition of the nickel surface
layers has been studied by Auger electron spectroscopy (AES),
as a function of depth by removing the material with an Argon
ion beam. The aim of the analysis is to investigate the effect of
oxygen and other impurities on the deposited films in terms of
epitaxial growth and atomic structure in order to optimize the
properties of superconducting films.

Samples with an increasing grade of purity (electrolytic purity,
99.99%, and 99.995%) were analyzed after each one of the
following procedures:

1) rolling;

2) thermal treatment at 900°C and 700°C for 4 h both under
vacuum and in an Ar+H2(l%) atmosphere;

3) chemical etching.

Before analysis, all the samples were ultrasonically cleaned in
acetone for about five minutes and then baked at 120°C.

Figure 9.7 shows a linear scanning of the surface atomic
concentration for the 99.99% and 99.995% samples after
rolling. A significant amount of carbon (60%) and oxygen
(10%), probably related to the absorption of O2, H2O, and CO2

following exposure to air, is found on the sample surfaces, while
nickel contributes to the total atoms by only 30%. Very low
concentrations of Na, Cl, S are also found, together with Fe and
Ti. The depth profile revealed that these minor impurities
disappear very quickly as a function of distance from the
surface, (below 1% at about 10 nm), while the carbon and
oxygen concentration extends deeper in the sample and falls
below 1% at about 30 nm (fig. 9.8). No large differences are
observed between the two samples.

Auger analysis repeated after thermal treatment at 900°C under
vacuum and exposure to air showed no significant changes in
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the surface composition. However, a strong reduction in all the impurities as a function of distance from the surface
was observed in this case (fig. 9.9); C and O decreased below 1% after only 5 nm for both the 99.99% and the
99.995% samples. This means that oxygen and carbon are weakly bound to the surface and that thermal treatment
under vacuum is very efficient in removing them as volatile compounds (O2, H2O, CO, CO2), as typically observed
in experiments on outgassing metal surfaces. Contamination by the impurities following exposure to air is weaker
than after rolling, probably due to recrystallization reducing their diffusion into the bulk material.

200 300 400 500 600

Deposition temperature (°C)

700

Fig. 9.10- Dependence of the ratio I(200)/I(lll)
on the deposition temperature of CeOj films
deposited on biaxialfy textured Ni in vacuum

Growth of buffer layers

Ni-CeQ2 architecture. As-rolled Ni substrates were cleaned ultrasonically with both acetone and isopropylic
alcohol and mounted mounted on a substrate holder using silver paste on a substrate holder.

The pulsed laser ablation technique was used to deposit CeC>2 films on Ni textured substrates at temperatures
ranging from 300 to 700°C, both in vacuum and in an oxygen atmosphere. The films grown in the oxygen
atmosphere were not completely oriented. The ratio between the intensity of the (200) CeO2 peak to the
intensity of the (111) CeO2 peak was about 15. This parameter is
strongly influenced by the deposition temperature. The
misorientation of CeO? is most probably due to the formation of
NiO at the interface between the film and the substrate during the
deposition process. It is interesting to note that the purer the Ni
substrate, the stronger the oxidation of the substrate surface.

The morphology of the as-deposited films presented numerous
microcracks. Optical microscopy investigation revealed that the
regions around the cracks were more oxidized, which indicates that
the microcracks can be correlated with the oxidation process during
deposition. Bearing in mind this observation, CeO2 films were
deposited in vacuum. Contrary to what was found for CeO2
deposition in an oxygen atmosphere, no cracks were observed. Even
in this case, the films were not completely oriented. X-ray diffraction
(XRD) patterns showed the presence of a (111) CeO2 peak.

Because of the oxidant character of plasma, NiO formation is
possible, even under vacuum conditions, at the initial stage of film
deposition. Moreover, plasma contains not only molecular and
atomic oxygen, but also the more reactive oxygen ions, which are
generated during the interaction of laser radiation with plasma.

These preliminary experiments have clearly shown that the Ni
substrate surface must be protected to obtain a well oriented CeO2
film.

Ni-Pd-CeG2 architecture. The epitaxial growth of a (001)
oriented cubic buffer layer on a (001) Ni surface is inhibited by
the formation of (111) NiO at the oxide-metal interface. In order
to prevent oxidation of the Ni, its surface was covered with
palladium, deposited by electron-beam evaporation at room
temperature. To improve adherence of the Pd film, supplementary
rf-sputtering cleaning was performed prior to deposition.

The CeO2 deposition was performed in vacuum at temperatures
ranging from 250-750°C. The ratio I(200)/I(lll) was chosen as a
significant parameter for the epitaxial growth of the CeO2 films.
Figure 9.10 reports the dependence of this parameter on the
deposition temperature. The behavior of the ratio I(200)/I(l 11) vs
temperature can be explained by considering two opposing
processes that take place during deposition: the epitaxial growth
of CeO2 on Pd-buffered Ni substrates and the diffusion of Pd in
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Ni. The diffusion of Pd in Ni is reduced in the case of T<300°C, but at the same time, the epitaxial growth is
hindered by the low temperature. On the other hand, at high temperatures (T>500°C), the diffusion of Pd in Ni
during deposition has a negative influence on the epitaxial growth of CeO^. The "optimum compromise"
between these contrary tendencies lies in the range 300-500°C.

These assumptions are also sustained by the temperature dependence of the intensity ratio of the Ni and Pd
(200) peaks shown in figure 9.11. As can be seen, in the range T>500°C this ratio increases strongly and tends

asymptotically to infinity at about 700°C, indicating the complete
diffusion of Pd in Ni at this temperature.

The XRD pattern of the Ni-Pd-CeO? architecture is shown in
figure 9.12. Here, the pattern contains only the (hOO) peaks of Pd,
Ni, and CeO?, indicating that both Pd and CeC>2 on Ni have good
epitaxy. It is interesting to note that even when the Ni is not
completely oriented, the Pd film is fully oriented. This fact has
practical importance since a less pure Ni substrate can be used,
without any effects on the quality of the texturing of the final
YBCO film. The lattice parameter of CeO? determined from the
XRD pattern is smaller than that deposited in the International
Standards File (JCPDS). This indicates an oxygen deficiency
associated with the formation of CeO^.j.. Consequently, in order to
obtain stoichiometric CeO2, it was necessary to perform a
supplementary oxygenation treatment by cooling the film after its
deposition in an oxygen atmosphere.

Figure 9.13 shows the rocking curves of the (200) peaks of Ni, Pd,
and CeO?. The curves of Pd and CeO? are smoother than the Ni
curve because they are fine grain films. The surface of the as-
obtained films is smooth and free of cracks. Films deposited on
electrochemically polished substrate (fig. 9.14) have less
prominant grain boundaries than films on unpolished substrate
(fig. 9.15) so are suitable for YBCO deposition.

YBCO deposition

The development of a high-quality substrate/buffer layer
architecture plays a major role in the development of HTc super-
conducting tapes. In fact, to grow high critical current YBCO, it is
very important to optimize the structural, morphological, and
mechanical properties of this architecture. A lot of effort has been
focused on this activity: a preliminary experiment to test the
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deposition apparatus was performed by depositing YBCO film on Ni/CeO2. The x-ray pattern of the
Ni/CeO2/YBCO structure is shown in figure 9.16. All the (hOO) peaks of Ni, CeO2, and YBCO are present,
indicating the good epitaxy both of YBCO and of CeO2 on Ni. The onset critical temperature and the zero
resistance critical temperature of the YBCO film are respectively 92 and 80 K.

9.2.2 HTc Superconductors: dissipation properties

Research on the dissipative properties of HTc superconductors was carried out in parallel to the activity
regarding the manufacture of HTc superconducting YBCO-based tapes. The work, carried out in collaboration
with the Department of Physics, University of Rome "La Sapienza", was aimed at understanding the physical

phenomena causing the presence of nonzero
resistance below the critical temperature,
which limits the practical use of these
materials as superconductors. It has already
been shown (see 1996 Progress Report) that
in YBa2Cu307 .d (YBCO) there exists a
region of temperature and magnetic field
below the critical temperature in which the
observed resistance is due entirely to the
intrinsic properties of the material, so it
cannot be reduced by any thermal treatment
on the specimens. During 1997 research was

4000 6000 8000 10000 1200C devoted to extending these results to a
Applied magnetic field (mT) different compound (Bi2Sr2CaCu20g+x -

BSCCO), whose dissipative properties are far
less understood than those of YBCO.
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Hence, two crystalline specimens of BSCCO
were studied. Resistivity was measured as a
function of temperature and applied magnetic
field strength and orientation. Several novel
features were found in the specimens: resisti-
vity showed nonmonotonic behavior as a
function of both field (fig. 9.17a) and
temperature (fig. 9.17b) when the field was
oriented nearly parallel to the CuO crystalline
planes of the specimens. Figure 9.18 reports
several measurements of magnetoresistivity,
at different temperatures. The observed
maximum of resistivity shifts to lower fields
as temperature is increased, becoming a
'bump' at higher temperatures.

Although such behavior is likely to be due to
some peculiar structural characteristic of the
specimens under study, two considerations
indicate that it is worth continuing the work.
First, there are no kinds of defects that could
justify, through the known theories and models,
the observed nonmonotonic behavior for fields
nearly parallel to the CuO planes. Second,
similar behavior is observed in all the specimens
measured. Although they are all grown by the
same method, it is unlikely that some veiy
peculiar kind and distribution of defect, which
could in principle explain some of the observed
features, be found in specimens from different



batches. In any case, the observed properties should be considered as "intrinsic" to the growth method. However, the
origin of this feature is still unclear and will be the subject of future work.

9.3 CRYOGENICS

9.3.2 Liquid helium service

A helium liquefier has been operating at ENEA Frascati Center for several years. It is used to recover the
considerable amount of helium evaporated during the experiments carried out at the center, and to liquefy it again
after purification. In spite of the problems due to its age, the plant has operated satisfactorily for the whole year.
Altogether, about 35,000 liters of liquid helium have been delivered, with liquefaction of about 23,000 liters. A
tender for a new helium liquefier has been completed, and the new plant is scheduled to be installed within 1998.

9.3.2 Space cryogenics

In 1997, the activity aimed at the development of low-noise ciyostats and cryo-coolers, mainly for space
applications, achieved an interesting result. A ciyostat for the BOOMERANG experiment was developed and
assembled at Frascati in the context of a collaboration between ENEA and the Physics Department of the University
of Rome "La Sapienza". The device consists of two external vessels containing liquid nitrogen and 4He, and an
internal 3He cryostat operated by an adsorption pump, featuring a minimum achievable temperature of 280 mK.

The BOOMERANG experiment, carried out under a collaboration between Italy and the U.S. (Berkeley,
Caltech), is aimed at observing anisotropies in cosmic background radiation by means of a stratospheric balloon
to be launched from the Antarctic in 1998 for a flight lasting several days.

i3 On 29 August 1997, a test flight lasting about 10 h was carried out in Texas. The cryostat operated continuously
Ci for the whole flight and exhibited excellent performance. After landing, the cryostat was still operating properly,
5j thus demonstrating outstanding mechanical strength.

^ A dilution cryostat, based on the use of adsorption pumps, is also under development at the Frascati Laboratory.

*i3 In September 1997, the Fusion Department presented a proposal to the Agenzia Spaziale Italiana (ASI), for a
^ research project concerning the development of low-noise cryogenerators for space applications.

9.4 JET CONTRACTS

9.4.1 Examination and testing of JET toroidal field coil slices

Work on examining and testing the JET toroidal field coils (see 1996 Progress Report) continued with an
investigation on the state of the insulation and the correlation between the mechanical strength and the void
content of the glass-epoxy insulation.

For this purpose, a microscope examination was carried out on the insulation, and the glass content was
determined. To carry out the measurements, glass-epoxy samples were carefully extracted from the areas
adjacent both to the material used for the microscope examination and to that of the specimens used for the
shear test. This was done in order to obtain information not only on the glass content of the insulation, but also
on the kinds of voids or defects and to correlate them with the shear strength.

The samples were also chosen such as to obtain the above information from different zones of the coil:

• thin inter-turn (IT);

• thick inter-turn;

• thin inter-pancake (IP);

« thick inter-pancake;

• key.

The glass content measurement was performed according to ASTM D 2734 and ASTM D 2584.



Table 9.1 - Results of the void and glass content determination

Thin IT

Thick IT

Thin IP

Thick IP

Key

Slice

1

1

2

2

4

Tested shear/tensile
specimen adjacent to
microscope samples

2-3/B/l
2-3/B/2

8-9/B/l
8-9/B/2

11-14

7-18

Shear/tensile
strength of

adjacent specimen

43MPa

38MPa

5.4 MPa

26.5 MPa

(key 20-2I/Side B view)

Density
g/cm3

1.958

1.976.

2.043

1.897

1.823

Loss of
weight
% w

22.3

22.9

21.7

30.4

34.5

Glass
content
% vol.

60

60.1

63.1

52

47.1

Void
content
% vol.

3.9

2.5

0.3

0.2

0.9

From the results shown in table 9.1 the following considerations can be made:

1) The glass content value is 60% and about the same for both the thick and the thin IT insulation, meaning that
the number of glass layers ranges between 10 and 12. The thin IP has a similar glass content (63%), but it
decreases with increasing thickness, meaning that the number (i.e., 28) of layers of glass is always the same for
IP. The glass content of the key is the lowest (47%). Since the glass content of standard glass-epoxy is between
45% and 55%, the measured values can be considered within the medium-high range.

2) The IT void content is the highest (i.e., about'.

To estimate the shape and aspect of the voids and to see whether defects were present, the samples were
examined at different magnitudes (32x, 200x, and lOOOx) using a metallographic microscope. This instrument
allows investigation of the distribution of the glass fibers in the epoxy as well as an accurate assessment of the
state of the glass itself.

Results of the examination

1) The voids observed confirmed the void content determination by density measurements, with the maximum value
for the IT (fig. 9.19) and a value of almost zero (within the system optic resolution) for the IP (fig. 9.20) glass-epoxy.

2) Based on the shape analysis,
and on the position and amount
of glass fiber, it can be
concluded that nearly all the
voids were due to shrinkage of
the epoxy in the solid state (gel
no longer liquid) after its
complete impregnation of the
spaces between the copper and
the glass fibers.

3) Air bubbles were trapped in
the pre-preg glass fabrics used
for manufacturing the keys as

. well as in the two pre-preg
layers in the IT insulation; this
defect is more visible in the keys
than in the IT.

4) The voids in the IT had a
random distribution that might
be due both to the epoxy
shrinkage and to the glass
concentration in different points.

- t o

f

r
Fig. 9.19 - Micrographs of IT glass-
epoxy adjacent to 2-3 specimens

Fig. 9.20 - Micrograph of IP glass-epoxy
adjacent to 11-14 specimens



This phenomenon is more visible near the flat copper surfaces and in the surfaces of separation between
pre-preg/first glass fabric.

5) The key presented internal air bubbles and voids that are typical of pre-preg utilization. Voids were also
visible in the connection zone with the IT, where pure epoxy was present.

The results obtained confirm that the quality of the inter-turn and inter-pancake insulation and its adhesion to
the copper are quite high.

9.4.2 Task Agreement on neutron diagnostics (TA3)

In the framework of the JET-ENEA/TA3 Task Agreement, ENEA experts were involved in exploiting the JET
neutron diagnostics for the Deuterium-Tritium Experiment 1 (DTE-1) campaign. The activity was mainly devoted
to implementation, calibration, and operation of the KN2 Neutron Activation Diagnostic [9.6] for the absolute
measurement of the 14-MeV total neutron yield in JET discharges. Various materials with different high-energy
thresholds were irradiated (Si, Fe, Al, Nb, Zr, etc.). During the D-D campaign in preparation for DTE-1, the KN2
results were compared with those of time-resolved neutron counters (fission chambers), giving an agreement of 5%.
Subsequently, calibration data for 14-MeV D-T neutrons were obtained during the initial phase of DTE-1 (1% and
10% tritium experiments), confirming the D-D results. D-T full operation started in summer 1997 with a 50%
tritium content, and achieved a world record in fusion power: the neutron diagnostics (fission chambers, neutron
profile monitor, and neutron activation) provided a measurement of the fusion power with a global uncertainty of ±
10%. The neutron energy spectrum was measured at the vacuum vessel in various irradiation ends using different
sets of activation foils. The SNL-SAND-II code [9.7] was used for spectrum unfolding, in combination with the
dosimetry library SNLRML [9.8]. Initial trial spectra were provided by MCNP and FURNACE [9.9] calculations.

S 9.5 NEW HYDROGEN ENERGY

Q 9.5.2 Aspects of material science
•—i

^j The influence of the microstructure of palladium specimens on the characteristics of the hydrogen (deuterium)
•52 loading process is being studied. The work is based on the hypothesis that the main constraint on obtaining high
i5- hydrogen loading in Pd is the stress gradient due to lattice expansion induced by the hydride fonnation itself.

In order to overcome such a limitation, essentially two strategies can be envisaged: (a) modify the loading
dynamic, thus avoiding the growth of an excessive strain field during hydrogen uptake; (b) prepare a material
with intrinsic characteristics to minimize the solute concentration gradient and to experimentally check whether
higher loading ratios can be obtained for the material. The experimental procedure used for preparing the
specimens and then measuring the hydrogen or deuterium content does not contain any innovative solution;
however, as far as is known, there are no literature data
relating palladium metallurgy to the maximum hydrogen
content experimentally achievable (fig. 9.21).

The experimental work on H(D) loading in palladium
was carried out using an electrolytic system, while the
H(D)/Pd ratio was evaluated through a four-wire
resistance technique.

It was found that the Pd grain size is a significant
parameter, with a strong effect both on the loading
kinetics and on the maximum concentration. Therefore,
careful control of the microstructure appears necessary in
order to obtain high loading ratios. It can be

0.94

, 0.90

§ 0.86

0.82

• 100 um(D/Pd)
A 150,um(H/Pd)
A 450 urn (H/Pd)

200 400 600 800 1000 1200

Thermal treatment temperature (°C)

Fig. 9.21 - Effect of grain size on the maximum
achievable loading ratio

[9.6] A.L. Roquemore ct al., Bull. Am. Phys. Soc, 42, (10), 1963 (1997)
[9.7] P.J. Griffin, J.G. Kelly, J. VanDenburg, SANDIA Report, SAND93-3957 UC-713 (1994)
[9.8] P.J. Griffin et al., SANDIA Report, SAND92-0094 UC-713 (1993)
[9.9] K.A. Verschuur, Netherlands Energy Research Foundation Report ECN-146 (1983)



hypothesized that the loading can be related to the role of the grain size both in the density of short circuit paths
for fast diffusion and in the mechanical properties of the material, which influence the capability of the metal
to relax the stress field generated at the specimen surface by the solute concentration gradient.

The main goal is to prepare, in a reproducible way, Pd/H(D) specimens with a very high loading ratio to obtain
reproducible anomalous heat production experiments.

9.5.2 Helium 4 measurement

The exact nature of excess heat has not yet been definitely ascertained. One theory (proposed in 1989) is that
the phenomenon could be due to nuclear reactions inside the metal lattice because of the amount of extra power
measured and the observed production of neutrons and charged particles. Moreover, the measured rates of
neutrons and charged particles are very small compared to the observed excess heat production, so the
hypothesis that 4He is the main nuclear ash of the process has been formulated.

The importance of understanding whether or not cold fusion is a nuclear phenomenon is clear. Nonetheless, the
possibility that the excess power is produced by a "clean" nuclear process, resulting in the formation of a stable
a particle that delivers its excess energy to the metal lattice with no emission of neutrons or charged products,
is even more interesting. An activity devoted to searching for small quantities of 4He in the evolving gas of the
electrolytic cells was therefore started at the Frascati Laboratory.

The experimental setup, based on a high-resolution quadrupole mass spectrometer (QMS) and designed for
on-line analysis of the gas sample taken from the electrochemical cell, the leak tests, the baking (at 250°C) of
the ultra high vacuum (UHV) system, and activation of the getter pump (St707 alloy) were all completed by the
end of September 1997. Preliminary qualitative tests, earned out with gas mixtures made using high-purity gas
bottles, demonstrated the ability of the QMS to adequately discriminate the peak of 4He from that of D2, as
well as the capability of the getter alloy to selectively pump hydrogen isotopes (and less effectively other
chemically active gases) without affecting the helium (and inert gases such as Ar or Ne). Figure 9.22a shows a
typical analog spectrum obtained in the high-resolution mode with a 4He-D2 mixture. Figure 9.22b shows the
effect of the getter pump on the same gas sample: in less than 50 s (the time required for a scanning) the
deuterium content was so strongly reduced that the corresponding peak disappeared completely.

Because of the natural presence of helium in the atmospheric air (5.2 ppm), maximum care was taken to prevent
any air leakage in the UHV system, or helium permeation through the glass wall of the cell. The calorimeter
enclosing the electrolytic cell is placed inside a constant-temperature box, which is permanently flushed with
dry nitrogen in order to remove the atmospheric air all around the cell. Stainless steel piping, equipped with
Cajon VCR fittings, carries the gas evolving from electrolysis to a glass flask placed just outside the box, where
O9 and D2 (or H2) are recombined, in the presence of a Pd catalyst, to produce water. This recombination

chamber is enclosed in a
larger glass container, and
the hollow space between
the two flasks is flushed
with dry nitrogen to pre-
vent helium contamina-

0.40 0.40

tion, while
inspection.

allowing for

Fig. 9.22 - Typical analog spectra of a 4He-D-> mixture obtained in the high-resolution
mode: a) before and b) soon after getter pumping

Further preliminary tests
have been carried out to
optimize the experimental
procedure for analyzing
the gas samples coming
from the electrolytic
process, using a dummy
cell with Pt electrodes and
a light water solution of
LiOH 0.1 M as the



electrolyte: a gas sample is periodically allowed to expand from the recombination chamber into a stainless steel
bottle, where it is cooled down to liquid nitrogen temperature in the presence of freshly regenerated activated
charcoal in order to strongly reduce the oxygen content and almost completely remove the water vapor, while
leaving the helium and deuterium content substantially unaffected. Finally, the gas sample is admitted in the
QMS chamber (where hydrogen isotopes are selectively pumped by the getter) to be analyzed.

A considerable amount of data has been collected in these experimental conditions and is presently under more
detailed analysis.

•3

9.5.3 A possible collision mechanism in condensed matter

A model of the "lattice ion trap" has been developed for studying the dynamics of two deuterons moving within
the palladium lattice space around tetrahedral sites [9.10], The hydrogen isotopes can be considered as ions in
the lattice because of the higher electro-negativity of the metal atoms. The space around the tetrahedral sites can
be seen as a quadrupole trap for the deuterons, so the effect of the electro-dynamic containment on their
dynamics can be studied by means of the equations of motion. The alternating signal of the lattice
radiofrequency trap is assumed to be generated by the motion of the Fermi level electrons of the metal atoms:
the electron motion can be traced back to an oscillating electronic cloud that produces an electric field because
of the charge separation due to the oscillation. A coherent mechanism of the electron cloud is proposed for the
model, since no phase is subject to random noise. The palladium atoms, oscillating at acoustic frequency, are
assumed to be at rest (adiabatic approximation) compared with the deuterium atoms, which oscillate in the
range of the optical frequencies in the metal-deuterium lattice. The deuteron plasma frequency is about two
orders of magnitude lower than the electron plasma frequency. Therefore, their dynamics is studied assuming
that the oscillating electron clouds are seen by the deuterons just as an alternating signal.

The tetrahedral sites, which could be available for deuterons above x=D/Pd=0.95, belong to the intersection
between the (101) and (101) planes. The spatial oscillations of the electron clouds in both the (101) and the
(101) plane are oscillations of charge density producing an alternating potential difference that generates an
electric field. The electric field in each plane achieves its maximum value when it is minimum in the other one,
because of the orthogonality of the planes. Such a situation leads to sinusoidally time varying forces whose
strengths are proportional to the distance from a central origin (i.e., the intersection between the r and z axes).

The trap can be considered to have a cylindrical symmetry (fig. 9.23). For a charged particle i subjected to the
trap signal and to the interaction potential with another charged particle nearby, the force balance leads to the
following equations:

G—

fiv. 9.23'- Lattice cell with cylindrical symmetry

cTrap
+ F r i

m i
d t

zj , _Coul
= b F z i Fzi

where m; is the i particle mass (i = 1,2), rj and z; are the
radial and axial co-ordinates from the central origin, t is the
time, F r j

o u , F r j
o u are the radial and axial components of the

Coulomb force, (3 is the Thomas-Fermi screening factor, and
Frj

raP , Frj
raP are the radial and axial components of the trap

force. Figure 9.24a shows the evolution of the distance between
two deuterons, assuming as initial conditions that one deuteron
is at rest within a tetrahedral site and the other is entering the
trap at thermal energy with a proper initial position. As can be
easily seen the minimum distance between the particles
becomes about 0.1 A, while the energy of the moving particles
increases up to about 600 eV (fig. 9.24b) because of the trap

[9.10] V. Violantc. A. Dc Ninno. Fusion Techno!., 31, 219 (1997)
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Fig. 9.24 - a) Particle distance evolution; b) particle
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force effect. The analysis reveals an interesting approach
mechanism that strongly reduces the average distance
between two deuterons embedded in the palladium lattice.

9.6 STUDIES ON THE ENERGY
AMPLIFIER

The Fast Neutron Energy Amplifier (f-EA) proposed by
Carlo Rubbia and coworkers [9.11] is a subcritical fission
breeder reactor operating with a fast neutron spectrum
and cooled by molten lead in natural convection. In its
basic version, the f-EA burns a uranium-thorium fuel and
is optimized for energy production, but by appropriate
choice of the parameters it can serve as a radiaoactive
waste incinerator. Key aspects of the f-EA are the use of
thorium (leading to a low production of actidines), a long
bum cycle at constant reactivity (in which the loss of
reactivity due to poisoning by fission fragments is com-
pensated for by breeding), and cooling by a naturally circ-
ulating relatively inert fluid. The f-EA has attractive
features, e.g., i) fuel utilization, which is maximized by
breeding and by the long bum cycle; ii) passive safety,
due to subcriticality, heat removal by natural convection,
etc., iii) low environmental impact (in particular, no
geological waste disposal would be required); iv) reduced

proliferation hazard, due to the use of thorium and the long bum cycle.

The advantages of the f-EA motivated the Fusion Division to carry out an analysis [9.12] to identify a few issues
where R&D is needed to validate the design. These include architectural aspects (such as the unusually high and
slim vessel, required to ensure natural circulation), compatibility of the structural materials with the coolant, as
well as thorium-fuel technology (fabrication and reprocessing). The already detailed static neutronics analyses
have to be complemented by neutron kinetics and plant dynamics studies, and improved thermal-hydraulics
simulations are required to analyze the stability of the convective flow.

The Fusion Division has an on-going program (including facilities and laboratories) on the compatibility of
lead-lithium euthectics with steels, which could be extended to the study of pure lead or lead-bismuth euthectics
(also candidate coolant materials for the energy amplifier). Expertise in the areas of numerical simulation and
neutronics is also available.

Following approval by the Ministry of Universities and Scientific Research to start an activity on accelerator-
driven systems for radioactive waste transmutation, to be coordinated by ENEA and the Istituto Nazionale di
Fisica Nucleare (INFN), the Fusion Division participated in defining the relative two-year research program,
which foresees contributions from universities, other research centers, and industries. The Fusion Division will
contribute with studies on materials compatibility.

In addition, studies on the f-EA neutronics using Monte Carlo codes were started in collaboration with Carlo
Rubbia's group at CERN. A first study dealt with the fluctuations of the results of Monte Carlo simulations
regarding the neutron multiplication of a subcritical fissionable medium [9.13]. It was found that, for homoge-
neous systems, the distribution function of the neutron multiplication (and its variance) depend only on the
overall neutron gain and on the fission multiplicity. This allows the precision of Monte Carlo simulations of a
given system to be evaluated as a function of the number of simulated neutron histories.

[9.11] C. Rubbia et al., Report CERN/AT/95 -44(ET) (1995)
[9.12] R. Andreani et al., ENEA Report RT/ERG/FUS/97/2, Frascati Research Center
[9.13] S. Atzeni, Y. Kadi and C. Rubbia, Report CERN/LHC/97-12 (EET) (1997)



9.7 ITER SITE IN ITALY

•3

Crvostut

In November 1996 the Italian Minister for Universities and Scientific Research informed the European Council of
Ministers that Italy was ready to consider the possibility of offering a site for hosting ITER. Subsequently, an ad hoc
Committee (at which ENEA was represented) at ministerial level was nominated and commissioned to evaluate the
criteria for an assessment of the costs/benefits deriving from hosting ITER in Italy and to determine the technical
characteristics of suitable potential sites and the scientific, industrial, occupational and economic spinoffs of siting
ITER in Italy. In response to the terms of reference, the Committee made a first review of the issues related to the
problem of licensing ITER in Italy, produced a list of potential sites complying with the technical requirements of the
project, and concluded with a positive evaluation of the cost/benefit ratio.

The EURATOM/ENEA Asso-
ciation was heavily involved in
performing technical analyses
and inspecting the potential
sites on behalf of the
Committee. The Committee
finished its work before
summer 1997, and on the basis
of the results, at the European
Council of Ministers in
November 1997 the Italian
Minister for Universities and
Scientific Research confirmed
that Italy was prepared to offer
a site for a licensing exercise.

The time required for this
exercise is of the order of
three years - the duration of
the extension of the ITER
EDA - in line with the
schedule for the final
decision on the site of ITER.
At the beginning of 1998, the
ministerial Committee re-
sumed work in order to re-
duce the spectrum of possible
sites pre-selected during the
first phase of the activity
(figs. 9.25, 9.26).

Divertor

Fig. 9.25 -C'iitaum \ tew of ITER

9.8 INTENSE NEUTRON SOURCE BASED ON .u-CATALYZED FUSION
The preliminary design of the Intense Neutron Source (INS) based on fi-catalyzed fusion was completed with
the issue of a design report. The work was performed in the framework of the ENEA-MUCATEX collaboration.
The layout of the project is similar to the one presented in the 1992-93 Progress Report.

A high-intensity deuteron beam (1=12 mA, 1 GeV/N) is directed onto a pipe containing flowing lithium
(velocity about 8 m/s) located in vacuum to produce negative pions from the interaction between deuterons and
lithium atoms.

The pions and muons originating from pion decay are guided along magnetic field lines to a D-T cell
(synthesizer). A muon stopped in a D-T mixture produces up to 150 fusion cycles (experimental results of Los
Alamos and the Paul Scherrer Institute), each one producing 14-MeV neutrons and 3.5-MeV alphas as output.
The D-T cell is a titanium vessel containing a D-T mixture with a density close to that of liquid hydrogen. The
first calculations were performed taking into account a gas mixture of D, T, H. After the Dubna experiment in
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Fig. 9.26 - The 70-hectare 1TER site

mid-1997, which used a liquid mixture of 35% T and 65% D and achieved 107 catalyzations, the same
composition and phase were taken as reference.

The two most critical components are the primary target (lithium pipe) and the D-T cell.

For the first step of the pre-design of the primary target, a carbon rotating target, cooled by pure radiation, was
studied. After long analysis, the conclusion was that the carbon target cannot be used with a deuteron beam of
more than 10 MW because the temperature of the central part of the target barely follows its surface (cooled by
radiation). Hence, it is necessary to choose the solution with lithium as the material of the primary target.
Lithium flows in a pipe made from a low-density material such as titanium. Inside the pipe wall, in fact, heat
deposition due to deuteron radiation must be minimized.

Following the Dubna experiment, a D-T mixture in liquid phase and without hydrogen was chosen for the D-T
cell, for the following reasons:

• The Dubna experiment showed that it is possible to reach 107 catalyzations by using a liquid D-T mixture (D
65%, T 35%). Furthermore, it demonstrated the negative influence of hydrogen on the number of catalyzations
when using the liquid phase of the mixture.

• The range of temperature and pressure is closer to normal conditions. Pressure was a few bars, temperature
between 20 and 30 K.

• Due to the low pressure, the walls of the synthesizer can be reduced drastically (by more than a factor of 10),
so the pion-muon absorption in the walls decreases and the result is more neutrons and less heat deposition
inside them. Using a liquid D-T mixture a neutron flux of 1014 n/cm2 s can be reached.

From extensive use of several codes, it was concluded that a flux of about 1014 n/s cm2 inside the D-T cell can
be obtained using a deuteron beam of 24 MW (12 mA, 1 GeV/N). The surface crossed by the neutrons is 400
cm2, corresponding to a specimen volume of about 3 liters.

9.9 DEVELOPMENT OF THE CONTROL SYSTEM FOR EPICA
DRILLING EQUIPMENT
The European Program for Ice Coring in Antarctica (EPICA) is a European project to drill two deep cores (one
at Dome C and the other at Dronning Maud Land) in Antarctica with the aim of reconstructing the history of



climatic changes in the region over the last 500,000 years. It is a continuation of the Greenland Ice core Program
(GRIP) that drilled a deep core in Greenland using the Istuk drill, which was developed for an operating
temperature of about -25°C. Because of the lower temperature in Antarctica (about -55°C), it was necessary to
design and construct a new deep drill. The construction of the EPICA drill was divided in two parts: mecha-
nical, under the responsibility of France; and electronic, under the responsibility of Italy (ENEAs Brasimone
Research Center).

Both Istuk and EPICA drills have similar electronic systems as far as the philosophy of operation is concerned,
but they differ a lot with regard to performance, mainly due to a new technological approach (fig. 9.27). The
major problems to be solved first were what type of communication system to adopt between the drill and the
console and, most important, what type of motor/gear section and relative drive to use, owing to the low design
temperature (-55°C), the relatively high power necessary for drilling (~ 700 W), the high dc voltage at the drill
input (in order to have a reasonably low current in the suspension cable), and the small size of the drill (95-mm
diam). The final choices were:

• A 300 to 4800 baud current
transceiver, suitable for communication
along power cables.

• A PARVEX dc brushless motor with
a voltage of 280V, driven by a DDC
hybrid module. Since the motor
position was monitored by a resolver,
but the module input by Hall effect
sensors, it was necessary to design a
special interface capable of trans-
forming the resolver signal into an
equivalent Hall effect sensor signal.
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The control system finally constructed
has the following features: The drilling
operations have to be controlled from
the surface. To allow the operator to
receive as much information as
possible on the drill behavior, there is
serial communication between the
borehole computer (inside the drill) and
a rugged laptop computer (at the
surface) that acts as the "console" of
the overall system. The 1200-baud
communication is transmitted on top of
the current supplied to the drill and is
separated from the power by means of
suitable transformers at both ends of
the cable. All borehole electronics are
contained inside a 95-mm-diam
pressure-tight steel tube. Four modules
(drill power supply and communica-
tion, central processing unit and
digital/analog and analog/digital
converters, motor driver, motor/ gear
section) are contained in a pressure
chamber and pressed together so as to
have good contact between them; a
hammer in the antitorque section is
operated for braking the core. A
monitor program is loaded in the
microcontroller inner PROM for
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Fig. 9.27 ~ Block diagram of overall svsiem
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downloading different control programs from the console. The main purpose of the borehole computer is to
monitor and control the drill operations. Sixteen parameters are measured and then each value is compared with
its limit. If a limit is exceeded, the computer takes appropriate action; if a condition is found that could
jeopardize the drill, the computer unconditionally shuts down the drill. The drill can resume operation after the
fault condition has been removed. The overall system is powered from the surface by a supply with 500-V max
voltage and 4-A max current, operating at a temperature of -20°C. Its output voltage is regulated by a circuit
that allows an almost constant value (even with the whole length of the 4-km cable) at the drill input. The
mgged laptop computer (console) has thin-film transistor display and four serial ports (COMs): one connected
to a depth counter (on the winch wheel), one to the winch control, one to a microcontroller system dedicated to
acquisition of the load cell (in the top wheel of the drilling tower), and the fourth to the borehole computer. The
laptop runs a program written in LabWindows/CVI that allows drill control as well as the display and the
logging in suitable files of the parameters read. The screen layout (fig. 9.28) combines a request for an
oscilloscope-type display of the most important parameters with a request for a normal display of all the
secondary parameters, besides the commands for the motor control. The system has so far had good results in
Antarctica, having allowed about 400 m of good-quality core. No major changes are foreseen, either to the
hardware or to the software.
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10.1 INERTIAL CONFINEMENT FUSION

10.1.1 Overview

During the reference year, the technical activities of the Inertial Confinement Fusion (1CF) Physics &
Technology Group continued with the experiments on laser interaction with low-density matter and with the
definition by numerical simulations of the timing degree required to start high-gain ignition in an evolving D-
T target according to the injected trigger scheme. Theoretical studies were performed to evaluate the fuel gain
of unconventional D-T assemblies ignited, at the end of an implosion process, by a supercritical spark
statistically created within a cluster of many subcriticals. In the framework of the task, (under the ENEA-
EURATOM Association) to maintain a critical evaluation capability on inertial fusion energy (IFE) and the
relative drivers, a new laser amplifier based on diode pumping techniques was designed. This system has been
dimensioned as a high-power component for an ABC upgrading (ABCD).

The interest in laser interaction with low-density materials derives from the possibility of using supersonic
electronic heat diffusion for smoothing energy deposition on the surface of thermonuclear capsules. In the
framework of the cooperation with the Lebedev Institute of Moscow, the interaction of nanosecond laser pulses
(2-3 ns) produced in the ABC installation was studied at power densities 1014~10'5 W/cm2. The Lebedev Physical
Institute provided the low-density targets. The hydrodynamic target evolution was studied to validate some
theoretical models. A snowplow theoretical model was found to be consistent with experimental data.

The degree of synchronism between the laser-driven implosion and the trigger pulse, as well as the requirements
on focusing for the trigger beam, represent two important issues in a scheme where a heavy-ion pulse is used
to ignite a D-T fuel spherically compressed by laser induced ablation along a low adiabat (no self-ignition).

Numerical simulations were carried out using cylindrical heavy-ion beams with Gaussian radial distribution,
truncated where the intensity is l/e~4 of the maximum. The parameter (dt,eam), used to measure the focusing,
was the diameter of the circle where the intensity is 1/e of the maximum (energy content -64% of the total
energy).

Requirements on focusing were first explored by simulating (2-D) the irradiation of static D-T cylinders at
200g/cm3 by a coaxially impinging 15-GeV Bi ion-beam. Ignition conditions were studied for pulses of 10- and
50-ps duration. For both cases, the ignition energy (Em;n) is constant for spot radii smaller than 50 um. In the
range 50-140 jam the ignition energy increases linearly (3xEm;n at 140 urn, with Emjn=40 kJ for 10-ps pulses,
Emjn=100 kJ for 50-ps pulses).

Synchronism was studied simulating (2-D) the irradiation of a laser-imploded spherical D-T shell (initial aspect
ratio 10) by a heavy-ion beam. The trigger beam was started at different times near stagnation, and the initial
fuel state (field of velocity, density, temperature, etc.) was computed by 1-D simulation.

It was found that ignition, and almost constant thermonuclear energy release, can be obtained by triggering within a
temporal window of the order of 1 us around the stagnation time. The interplay between focusing and synchronization
for the ignition of a spherical imploding fuel was also studied. The heavy-ion pulse duration was maintained constant
at 50 ps, full width half maximum (FWHM). Ignition conditions were studied for trigger energies below 38% of the
laser energy used to compress the target (1 MJ), for focusing spot diameters ranging from 30 to 150 um (full beam
diameters 60 and 300 jam, respectively). Useful timing ranges of 400-900 ps were found, in which the overall gain
[that is thermonuclear energy/(laser energy+trigger energy)] is greater than 200.,



Fuel gain calculations were performed for D-T assemblies ignited, at the end of an implosion process, by a
supercritical spark statistically created within a cluster of many subcritical sparks. Assigned were the total
number of sparks and the probability of having at least one of them supercritical. As a function of these
quantities, the average thermal energy associated with the spark assembly was calculated in the framework of
an isobaric model. The same model was also used to evaluate, by statistical arguments, the areal mass, burn
fraction, and overall fuel gain of the system.

It was found that the spark energy distribution function is influential only through a single global parameter, in
which the assigned ignition probability and the number of sparks are also represented.

Compared to the single, central spark approach, since final states with inner turbulence are allowed, the
multispark scheme is characterized by relaxed initial symmetry requirements.

For multispark systems, the achievement of fuel gains comparable to or greater than those typical of the single-
spark approach, when evaluated for currently accepted spark convergence ratios, can be realistically considered.

With reference to the single-spark case, somewhat higher cold fuel densities are typically needed.

I

10.1.2 Experimental studies on intense laser pulse interaction with low-density
foams

During 1997 experiments were performed at the ABC installation to get a consistent scenario for high-temperature
hydrodynamic phenomena resulting from the interaction of high-power density laser radiation with low-density foams
[10.1, 10.2]. The low-density targets were provided by the Lebedev Physical Institute of Moscow.

In this experimental campaign, parallelepipeds (sides 800-1000 (im) of polystyrene with a density of 10 mg/cm3

were irradiated. If totally ionized, the electronic density corresponding to this mass density is about three times
the critical for 'K= 1.054 um, the wavelength used in the experiments. Such a density is an average obtained over
a chaotic structure made from solid planar elements (thickness 1-2 u.m, density = 1 g/cm3), spaced by pores with
typical dimensions of 20-30 u.m. The irradiation
geometry for the shots presented is described in figure
10.1. F/l optics without induced-space-incoherence
smoothing equipment [10.3, 10.4] was used. In this
operation mode a maximum power density of about 1.4x
1014 W/cm2 was produced at the front target surface and
a maximum of about 10'5 W/cm2 at the waist inside the
target. The rise time to get these maximum power
densities was 0.7-1 ns. The pulse time waveform had a
triangular shape with a FWHM of about 3 ns. The
standard diagnostic layout in ABC is shown in figure
10.2; the visible streak camera recording, in figure 10.3.
The registration is made with the stop on channel D
inserted so that only light emitted from the target is
detected. An exception is the signal marked by C,
resulting from cross-talk with the diagnostic light pulse of
channel C.

Front surface
Focal plane

Optic axis • -

Foam target
100 nm

The discharge starts at the laser beam waist, inside the
target, and moves towards the front surface at velocity

Fig. 10.1 - Focusing conditions for the experiments on
laser-foam interaction at the Frascati ABC facility

\ \ 0.1 ] A. Caruso et at.; V.A. Pais, pp. 8-12; P. L .Andreoli, pp. 17-18 in Inertia! confinement physics and technology group

progress report (1996), ENEA Report RT/ERG/FUS/97/03, 1997.. Frascati Research Center

[10.2] A. Caruso et al., Lebedev Physical Institute Report, Preprint 18. Moscow 1997

[10.3] A. Caruso, C. Strangio, Inertia! confinement physics and technology group progress report (1994-1995), ENEA
Report RT/ERG/FUS/96/18, pp. 9-14, 1997. Frascati Research Center
[ 10.4] C. Strangle A. Caruso, Study on the hydrodynamica! behaviour of thin foils irradiated by near field isi smoothed
beams, in press on Laser and Particle Beams
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Fig. 10.2 - Diagnostics layout for the ABC foam experiment
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Fig. 10.3 - Visible streak camera recording for laser pulse interaction with a
JO mg/ci)iJ foam

W_~5x 107 cm/s. A slower process
proceeds into the target at
velocity V+~3.7xl07 cm/s. This
process is quenched after about
900 ps, when a much slower front
detaches from the fireball and
proceeds into the target at
velocity V+=6-9xl0 ( ' cm/s.

The optical diagnostics reported in
figure 10.2 were extensively used
to study the hydrodynamics of the
dense phase (shadowgraphs) and
to measure the amount of plasma
outflowing from the target on the
front side (differential and normal
interferometry). The temperature
was measured by the filter method.
Time-resolved x-ray side-view
images were taken according to
the geometry shown in figure 10.2.
Spectroscopic measurements were
performed on the harmonics (also
fractional) of the laser light
frequency. Charge collectors were
used to measure the ion
distribution in angle and in time
(ion velocity distribution function).

The scenario resulting from these
studies reveals that about 0.7-1 ns
after the beginning of the high-
power laser ramp a two-phase
system is formed. These two
phases are the plasma produced by
ablation (Te~l keV) and the
material displaced by ablation
pressure, in a sort of snowplow
mechanism (V=107 cm/s). Since
the initial density is low, during
laser irradiation the snowplow
penetrates deeply into the target,
forming a cavity in which most of
the high-temperature plasma and
the energy are trapped. This
situation is quite different from that
created when solid-density targets
are irradiated. Theoretical analysis
for this process predicts high, light
inverse bremsstrahlung absorption
(>70%); in the experiments, light
absorption even higher than the
expected was found.

A more detailed description of
the experimental results will be
given in the next progress report.



10.1.3 Theoretical studies on fuel gain of statistically ignited, compressed D-T
assemblies [10.5, 10.6]

The conventional ICF scheme is based on fuel triggering by a single, self-generated ignition spark at the center
of a compressed D-T fuel assembly. The value Rspark of the spark radius is typically assumed to be of order
1/40 of the initial radius Rtargct of the fuel capsule (i.e., a convergence ratio CSpark = Rtarge/^-spark^O). Such
a large value of C™,^ is adopted to maintain the ablation pressure, used to drive the fuel to the required high
implosion velocity, within technically available values (at laboratory energy releases).

Controlled formation of the ignition spark is a main issue in this scheme. Actually, due to the high convergence
ratio required, this target design seems sensitive to nonuniformities in the ablation pressure, irregularities in the
target structure, and hydrodynamic instabilities. For instance, it has been shown [10.7] how, due to
nonuniformities in the initial energy deposition (percent sized low modes, mode number f up 10-20), the
thermonuclear gain can drop abruptly to zero. The reason for ignition failure (no gain) is the formation of a
highly deformed spark in which, due to an unfavorable surface-to-volume ratio, the surface heat losses are too
large. Numerical modeling shows that, at stagnation, due to hydrodynamic instabilities, the final spark can be
so distorted as to become practically split in f substructures by the well-known mushroom-shaped jets [10.8,
10.9], Preliminary studies [10.9] on 3-D perturbed spherical stagnation show also that saturation occurs when
the perturbation amplitude is of the same order as the wavelength. These studies were made for single mode at
low harmonic indexes (/;, m up to 6,7).

It should be noted that low modes (mode indexes 5-10) can, in principle, generate a large number of
substructures. If the prevailing grain size is of the order of Rs/n (Rs is the radius enclosing the sparks and n a
typical mode number), about n2 fragments saturated at Rs/n can be allocated on a single spherical layer, n3, in
a volume. At any rate, unbalanced direct irradiation with modern multibeam laser installations may already
produce a large number of substructures (n <= (number of beams)1''2).

As far as is known, multimode 3-D studies with realistic implosion dynamics and burn are still lacking, as well
p as any acceptable theoretical description for the final turbulence, as may result for given initial conditions.

t^j However, for conventional target designs, it seems reasonable to assume that unless very high spherical
^ A symmetry is achieved in the initial stages of the implosion (by high-quality irradiation and target finish), spark
•T~I splitting and ignition failure at stagnation can occur.
K,
Si Assuming that the initial requirements for symmetry are deliberately relaxed, so that a final turbulent condition

>-~t is a l lowed, an interest ing quest ion to be answered relates to the possibi l i ty of recover ing ignit ion and high gain
for this final assembly. Clearly, to p roduce the answer, the significant key paramete r to be found is the
inves tment in energy required to m a k e supercri t ical , with ass igned probabi l i ty p, at least one of the hot fuel
por t ions in the turbulent mix (in the center or e lsewhere) . O n c e this energy is de te rmined , the assembly
paramete rs needed for high gain can also be found. This information can then be used to point out the general
features of implosions that may lead to such final configurations.

Since an ignition probability p is introduced, the question of the utility of this scheme for energy applications
may arise, since a finite ignition failure probability (1-p) is now allowed.

In energy applications, however, the concept of ignition failure can be introduced without harm, if the implosion
is designed in such a way as to make p sufficiently high. For this kind of design, the well-known reactor loop
condition, relating target gain to driver efficiency Tidrjven, say Hdriven x target gain « io, has only to be changed
to pxrijjrjygfXtarget gain = 10. Ignition failure can arise in reactor conditions for a number of reasons, not always
to do with the target design (e.g., misalignment, target structural imperfections, driver-pulse lack of
reproducibility, etc.), so an ignition probability p should be introduced in any case.

[10.5] A. Caruso, C. Strangio, Statistical ignition of high density DTfueL in press on Laser and Particle Beams
10.6 j A. Caruso, C. Strangio, Gain of a compressed DTfuel statistically ignited by a multispark assembly, in press on JETP

[10.71 R. L. McCrory, C. P. Verdon. Computer modeling and simulation in inertia! confinement fusion, Proc. Inter. School
"Piero Caldirola on Inertia! Conf inement Fusion, eds A. Caruso and E. S indoni . hdi t r ice Compos i to r i (1988) , 83

[ S 0.8] H. Sakagami . K. Nishihara . Phys . Fluids B 2, 1 1 . 2 7 1 5 ( 1 9 9 0 )

[10.9] H. Sakagami , K. Nishihara . Phys . Rev. Lett. 42 , 4, 432 (1990)



Fuel gain evaluations have been performed for assemblies with sparks dispersed uniformly within a radius
Rs<Rfuei- The uniform distribution in the entire fuel is obviously included as a special case (Rs=Rfue]).

The numerical results presented in this report refer to a total fuel energy Efuei=400 kJ; this value has been taken
just for illustrative purposes. Here, the interest lies not in the value of the gain that can be achieved, but in its
relative change as a function of the number of sparks N. In all the calculations, the ignition temperature has been
taken to be 7 keV.

All the graphs presented refer to an ignition probability p=0.9 (unless the lowest values of N are considered, the
results are substantially insensitive to the value of this parameter). The ratio between fuel pressure and Fermi
pressure in the cold fuel has been assumed to be a=2 [10.10]. A common temperature for the sparks has been
assumed, whereas their size (energy) was described by assigned distribution functions. Qualitatively different
distribution functions have been adopted to test the sensitivity of the results to the assumptions (two of these
distributions will be referred to in the following as "square box" and "power laws").

In figure 10.4 (a, al, b, bl), calculations for the fuel gain G and for the density of the cold fuel CPcold.) a r e

presented (at N=50) for different distribution functions in energy (the "square box" and the "power laws"). In
the figures, v=Eilot/Efue], and the parameter d represents a sort of spark dilution within Rs. For comparison, the
curve for single-spark gain is also reported in figures 10.4a) and b). The maximum for a single spark
(Ggs=2706) occurs at v=0.0483, and the associated cold fuel density is pCold=910 g/crrP. This density value is
about 0.5 of that associated with the maximum on the curves in figure 10.4al), and about 0.76 that of the
corresponding point on the homonymous curve in figure 10.4bl). For the single-spark approach, the site of the
maximum gain is unlikely to be a working point, since it corresponds to unpractical spark convergence ratios.
This can be deduced from prescriptions deriving from some high-gain capsule designs, where, at 3/4 of the initial
target radius, the in-flight aspect ratio (IFAR) is set equal to 30 and the overall thickness (ablator+D-T) is assumed to
be that of the initial, solid-state density D-T layer [10.11, 10.12]. Thus, the initial shell radius follows as

• 4 - 1

i

2000

0 0.1 0.2 0.3 0.4 0.5 0.6

3000 r~-T

4> \ •
1 % 'Q

2000 <%.-V,

1000 L

al)

N=50
"Square box"

0 0.1 0.2 0.3 0.4 0.5 0.6
V

a
v 4

3000
: Single spark

N =50 b) :
Power laws" • Pc0](j

2000

1000
0 0.1 0.2 0.3 0.4 0.5

2000 • 1 a

N=50
Tower laws

bl) a) d= 1
|3) d= 1.7

5) d = 4.8
£) d = 8

p = 0.9 Efuel = 400 kJ

Fig. 10. 4 - a) and b): Fuel gain for 50 sparks distributed in energy for the "square box" and "power law" distribution
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[10.10] J. Lindl, Proc. Inter. School "Piero Caldirola" on Inertial Confinement Fusion, eds A. Caruso and E. Sindoni,
Editrice Compositori (1988), p. 595
[10.11] A. Caruso, Proc. Inter. School "Piero Caldirola" on Inertial Confinement Fusion cds A. Caruso and E .Sindoni,
Editrice Compositori (1988), p. 139
[10.12] J. Lindl, Phys. Plasmas 2 (11) 3933 (1995)
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where p0 is the D-T density at the solid state.
The spark convergence ratio is evaluated as
Cspark=^0/'^thf To the single-spark maximum
gain corresponds CSparjc=99, which is a much
greater value than those currently accepted
(~40) [10.12]. The working value (Cspark=40) is
recovered at v=O.3O8, where the gain is
Gssw=1741. This working point has been
labeled W in figures 10.4a) and b). The gain at
W may be smaller than the maximum gain
obtained with multispark systems, both for
square box and power law distributions (figs.
10.4a and b).

For multispark systems, the geometric parameter
corresponding to CSpark may be C^Q^RQ/RJ, where
Rj is the radius of the turbulent region. For the
highest gain, Rs=Rfuel, and Chot=Cfuel=Ro/Rfuel-
In these conditions, to the highest gain for the case
of figure 10.5 corresponds Cfue[=45, whereas
CfLlei=39 for that of figure 10.5b. To get a gain
C-SSW by multispark configurations, more relaxed
conditions are sufficient, namely those cor-
responding to CfLlep38 for the case of figure 10.4a,
and Cfuei=:30 for that of fig. 10.4b. These
conditions should be used in the implosion design,
also taking into account that in a multispark
assembly the final overall fuel shape is expected to
play a secondary role in determining the
thermonuclear performance of the system.

It is possible to conclude that high gain can be
obtained from compressed fuel assemblies in
which is created a large number of sparks (N= 10-
100) with an energy (size) spectrum statistically
generated. By requiring to have, with an assigned
probability, at least one spark large enough to ignite
the fuel, it is possible to compute the assembly
dimensioning and, by using statistical arguments,
the burn fraction and gain.

Although requiring somewhat more compressed fuels (e. g. 2x), the multispark approach could be interesting because
(in principle) it is based on the hypothesis of ab initio relaxed implosion symmetry requirements. Final mixing
processes, currently considered as adverse in ICF, could turn out to be not so dangerous, as high gain can still be
obtained. Based on these considerations, one may expand the domain of the implosion designs to be considered
relevant for thermonuclear energy.

10.2.4 Numerical Studies by the CoMo & CoBi codes on the effects of injected
trigger pulse focusing and timing on the ignition and gain of dense, static or
imp lading D-T fuel

In the externally injected trigger (EIT) scheme, a mass of D-T fuel is spherically compressed along a cold
adiabat by a properly tailored laser pulse and, near stagnation, ignited by an independent energy pulse
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[10.13-10.19]. An extensive discussion on the EIT
scheme can be found in [10.13].

In this context two important issues are i) the
requirements on focusing for the trigger beam and ii)
the degree of synchronism needed between the laser-
driven implosion and the trigger pulse. New results on
these issues are reported in the following.

The case considered is the one in which a heavy-ion
beam is used to trigger a reference implosion [10.13,
10.14]. A low adiabat implosion was computed for a
properly shaped laser pulse, 1-MJ in energy (at
X=0.353 urn) and 100-ns total duration. The target
was a spherical solid D-T shell of 2600-u.m average
radius and 280-u.m thickness (aspect ratio 10). Figure
10.5 illustrates the evolution of the same case around
stagnation. Two characteristic instants are in
evidence: the maximum of the pR product
("maximum pR") and the maximum average density
("maximum compression") in the nonablated mass;
the density spatial profiles for these instants are also
included in figure 10.5. Looking at the figure, it can
be noted that the fluid moves slowly around
stagnation, since its specific internal energy is nearly

that of a cold material (low sound speed). The density profiles evolve from the maximum pR to the maximum
compression (with small differences between them) in an unusually long time, the matter remaining at high
density for all this interval. This 1-D case is used in the present study as the "reference case".

The external trigger was provided by a 15-GeV Bi ion beam (with E ^ g ^ the total energy). A modified Gaussian
profile was adopted for the power time-dependence of the trigger, with tpUise the typical FWHM duration.

The ion beam radial distribution was taken to be Gaussian, characterized by a beam diameter d[,earn (d(,eam =
diameter at 1/e of maximum power density), truncated at 2xdt,eam (i.e., at 1/e4 of maximum power density). The
energy content within d{,eam is about 64% of the total.

Preliminary studies were performed to find the dependence of the trigger energy on focusing for compressed,
static D-T fuel. Cold D-T cylinders at a density of 200g/cm3, and with dimensions much greater than the heavy
ion spot, were coaxially irradiated by the heavy-ion beam.

As discussed in [10.13], the useful time for ignition layer formation, at the assumed fuel density, is about 20 ps,
which is about the ratio between the initial heavy-ion range and the sound velocity evaluated at the ignition
temperature (5-7 keV). For shorter pulse duration, the energy transferred to the target is the main parameter;
whereas for longer pulses, the relevant parameter is the beam power. Hence, 2-D numerical simulations were
run for two pulse durations, tpUise=10 ps or Tpuise=50 ps, representing the two different regimes.

The results of the simulations are summarized in figure 10.6. Although the required trigger energies are different for
the two pulse durations, the qualitative behavior is the same. For both cases, the ignition energy (Em;n) is constant for
spot radii smaller than 50 jam. In the range 50-140 um, the ignition energy increases almost linearly (3xEm;n at
140 am, with Em;n=40 kJ for 10 ps pulses, Emin=100 kJ for 50 ps pulses).

[10.13] A. Caaiso, Proc. IAEA Technical Committee Meeting on Drivers for Inertial Confinement Fusion, (Paris 1994)
[10.14] A. Caruso, V. A. Pais, Nucl. Fusion 36, 6, 745 (1996)
[10.15] Ch. Maisonnier, II Nuovo Cimento, XLH B, 2, 332 (1966)
[10.16] A. Caruso, R. Gratton, Plasma Phys., 10, 867 (1968)
[10.17] A. Caruso, R. Gratton, Plasma Phys., 11, 839 (1969)
[10.18] A. Caruso et al., Phys. Letts, 29A, 6, 316 (1969)
[10.19] M. Tabak et.al., Phys. Plasmas 1, 5, 1626 (1994)
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Several 2-D numerical simulations were carried out using as
input the whole 1-D fluid-thermodynamical pattern for the
reference target, taken at some chosen time (near
stagnation); the trigger pulse is started at this instant (see
also [10.20]). This study was performed for different
focusing conditions, taking as trigger energy EtI.jggcr the
minimum for which ignition occurs at maximum pR. The
timing was changed to find the time window in which
ignition and high bum occur. Figure 10.7 summarizes the
results for spot diameters in the interval 30-150 um. Two
different evolutions can be noted. For spot diameters below
70 um, the window length (defined as the interval in which
the thermonuclear yield is greater than 300 MJ) decreases
when d^eam increases (from 720 to 520 ps). For dbcam >70
u.m (EtrjegC1.= 150 kJ), the window starts to increase,
reaching 920 ps at <\,cam =100 um (EtI.jgaci. =225 kJ).

From the labels in figure 10.7 (d(,ea

get the dependence of
, E trjaucr), it is easy to

E t l . jg i ,e r

(t

e a m , E t r j a u c r

g on dt,canv The result,
(trigger i n kJ and dbcam in um)

is valid in the interval 30-150 um.

10.1.5 Laser drivers for inertia! fusion

In the framework of an activity aimed at the
development and maintenance of critical evaluation
capabilities in the field of IFE drivers, the issue of diode
pumping was evaluated at the Inertial Confinement
Physics & Technology Laboratory of the EURATOM-
ENEA Fusion Association.

In IFE applications, the electric efficiency required for a
laser driver is evaluated to be between 3% and 10%.
Energies of the order of a few MJ are also required, to be
released in a few ten nanoseconds at a repetition rate (rr)
of 1-10 Hz [10.21], Light pulses with this dimensioning
are needed for any of the current approaches (central spark
ignition or injected spark schemes) to laser ICF.

Practically all large installations for ICF research (the
existing, as well as those in construction or proposed, e.g., the National Ignition Facility in the U.S. and the MJ laser
project in France) are powered by solid-state lasers. The active medium of these lasers (neodymium glass) is pumped
by flashlamps. For the most efficient systems in this class (the largest), expected performances are an efficiency of
about 1% and a maximum IT 7x10"^ Hz. Although extremely useful as research tools, these lasers are clearly not
appropriate for powering ICF reactors, especially with regard to the r.r.

A viable approach to solve this problem is based on pumping the laser medium by laser diodes [10.22]. Laser
diodes can by operated at high frequency and have intrinsic high electrical efficiency. When compared to
flashlamps, an efficient energy transfer to the lasing level is obtained; since the method is based on resonant
pumping of an absotption line of the active medium. Related to this, the smaller heat release in the laser medium
eases the active material cooling, which maintains adequate optical and mechanical properties for laser
operation.

[10.20] A. Caruso, V.A. Pais, KNEA Report RT/ERG/FUS/97/03, Frascati Research Center, pp. 13-15

[10.21 | C D . Orth, S.A. Payne, W. F. Krupke, Nucl. Fusion, 36. 75 {1996}

[10.22) W.F. Krupke, Fusion Teehnol. 15. 377 (1989)



Programs to develop diode pumped solid state lasers as IFE drivers are being pursued in the U.S. (at Lawrence
Livermore National Lab.) and in Japan (Institute of Laser Engineering) [10.23].

In the framework of the Association watching-brief activity on IFE drivers, a conceptual design for a 180-J,
1-10 Hz system has been developed. The system has been named ABCD to indicate that this study could be
referenced if it is decided to carry out a diode pumped upgrading of the existing ABC system. At the present
level of definition, the key component in the ABCD design is a multipass amplifier, dimensioned to generate
180 J in five passes.

10.2 ADDITIONAL ACTIVITIES ON INERTIAL CONFINEMENT
The study begun in 1996 on the burn performance of fuels with a very small fractional content of tritium, in the
so-called fast-ignitor inertial fusion energy (IFE) scheme [10.24], was completed in the first half of 1997
[10.25,10.26]. The goals were to assess the potentials of such fuels, particularly when tritium breeding is not
required, and compare them with the more conventional equimolar D-T fuel, ignited in the standard inertial
confinement scheme (based on central ignition).

Initially isochoric, compressed configurations with an off-center D-T or D%QT2Q seed and bulk deuterium (or T-poor
deuterium) fuel, ignited by a powerful beam pulse (fig. 10.8), were studied by 2-D simulations, with accurate modeling
of bum physics (see 1996 Progress Report). The dependence of the fuel energy gain as a function of fuel mass m,
isentrope parameter a, density p, tritium content F-p, shape and composition of the seed was analyzed. The output
energy partitioning was also studied.

As shown in figure 10.9, net tritium production (breeding ratio greater then unity) occurs for optimized targets
with initial tritium content FT < 1%. The corresponding fuel gain is about 1000, and neutrons - with a softened
spectrum - contribute to less than 20% of the output yield. Such a performance, of potential significance for
energy production, requires, however, the compression to high density (1000 g/cm3) of a relatively large fuel
mass (m > 10 mg) to which an energy Ep > 1 MJ has to be delivered (fig. 10.10). Drivers capable of producing
pulses in the 10-MJ range would then be required. In general, gain increases with mass, and the optimal density
at given FT increases with decreasing mass. a

Bulk fuel

D-T seed

Beam heated
hot spot

Fig. 10.8 - Sketch of a typical tritium-poor fuel assembly studied
by 2-D simulations. The ignition seed can either contain
equimolar D-T or other D-T mixtures (such as D$QTJQ). The bulk
fuel is either pure deuterium or deuterium with a very low content
of tritium (Dj_yTv), with y«0.5. Other ignition-trigger shapes
have also been considered

3000

Fig. 10.9 - Tritium breeding ratio Bj and fuel eneigy

gain G[; vs initial tritium fractional content Fj- (for

cases with nr=20 mg, isentrope factor a-=1.5. and

density below 1500 g/cin3, see [10.23])

[10.23] W.F. Krupke, Diode pumped solid state lasers for IFE, 2nd Annual Conf. on Solid State Lasers for Application to
Inertial Confinement Fusion (Paris 1996)
[10.24] M. Tabak, Phys. Plasmas 1, 1626 (1994)
[10.25] S. Atzeni, M.L. Ciampi, Nucl. Fusion 37, 1665 (1997)
[10.26] S. Atzeni, M.L. Ciampi, Potentiality of tritium-poor fuels for ICF fast ignitors, l.P. IAEA Technical Committee
Meeting on Drivers and Ignition Facilities for Incrtial Fusion, to appear in Fusion Eng. Des.
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Comparison between fast-ignited (or spark-ignited) tritium-poor fuels and equimolar D-T fuels with different
ignition configurations of interest to ICF shows that (fig. 10.11):

a) Fast-ignited tritium-poor fuels achieve gains far below those of fast-ignited equimolar D-T; however,

b) at Ep~\ MJ, fast-ignited fuels with F-p=l% have a gain of about one third the standard isobaric D-T
configurations; fast ignitor performance comparable to standard ICF is achieved by fuels with Fj around 8%.

c) At Ep=l MJ, fast-ignited fuels with F-p=l% have a gain comparable to that of volume-ignited, equimolar D-T.

A review of ignition and burn computations for fast ignitors was also compiled [10.27].

An experiment aiming at the first absolute equation-of-state (EOS) measurement in optically thick materials at
pressure 10-50 Mbar, proposed by groups from the University of Milan and the Ecole Polytechnique Paris with

theoretical support from ENEA and INFN Legnaro, was
accepted by the Selection Panel for experiments on the Centre
d'Etudes de Limeil-Valenton lasers and financed by the
European Union "Access to Large Facilities" scheme [10.28].3000 -
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fig. 10.10 - Fuel energy gain vs fuel mass density

for assemblies similar to those of figure 10.8 with

fuel mass m~20 mg. CC-- 1.5. and different values of

the initial tritium fractional content Fj (see the

labels on the curves). For results for smaller

masses, see f 10.23/

The experiment, to be performed with the Phoebus Laser
(delivering pulses of 2.5 kJ of green light in 2.5 ns) and initially
scheduled for mid-1997, was postponed for reasons that had
nothing to do with the proponents. This provided an
opportunity to do a wider analysis based on the ENEA fluid
codes DUED and IMPLO-upgraded and on the postprocessor
developed by the INFN Legnaro Laboratories which then lead
to an improved target design [10.29,10.30].

The optimized experimental setup is shown in figure 10.12a.
An intense laser pulse drives a shock wave in a solid target
consisting of a layer of plastic (where laser light is absorbed)
and a stepped sample of the material whose EOS is under
investigation (aluminum in the first experiment). The velocity
of the shock and that of the shocked material are measured
simultaneously, and the EOS point is computed by using the
Hugoniot equations. The shock velocity is inferred by the
breakout times of the shock from the stepped sample, as
detected by rear-side time-resolved visible imaging. The fluid
velocity is measured by transverse x-radiography, which
detects the time evolution of the Al-plastic interface (since Al
is optically thick and plastic optically thin).

I04

c.) isobiiric; F-f-=509r

d) voi.ign.: F.,-50%

1'ig. Ki.ll - Limiting fuel gains for iritium~j)oor deuterium fast ignuors
compared with those for equimolar D-T with various initial conditions.
Solid lines: fast-ignited fuels, with the same (f-1.5 and different tritium
concentrations (see labels on curves; curve a) refers to optimal density:
curve b) to a more realistic assumption [10.23]). Doited line c): initially
isobaric, equimolar D-T, at optimal density and isentrope parameter «=: 2.
Dashed line d): volume-ignited, equimolar D-T (with optimal initial
temperature). Along the dotted line the fusion output is 3 GJ. so the region
of potential interest to IFF. is to its left

[10.27] S. Atzeni. Fast igniiors: ignition and burn, review talk. Summary of the Fast Ignition Workshop (Berkeley 1997)
p. 291
[10.28] D. Batani et al.. Absolute equation of state measurements with Phoebus; funded by contract ERBFMGECT 950016
[10.29] M. Temporal et al., Nuovo Cimento D19, 1839 (1997)
10.30) VI. Temporal ct al.. Design of absolute equation of stale measurements in optically thick materials by laser driven

shock waves, submitted to Nuclear lustrum. & Meth.



x-ray source

Visible
streak

time

—VvV H

—wv-K [
Al ^

Be

a)

Backlighter
beam

Main
beam

time = 0 ns time = 1 ns time = 2 ns time = 3 ns b)

200

I 0

-200 r

0 100 0 100 0 100 0 100
Z (um)

Streak x-radiography

Fig. 10.12 - a) Principle of the experiments for the direct
measurement of EOS data by laser-driven shock waves. The image
generated by the visible-light streak-camera gives the times of shock
breakout from the aluminum basis and step. X-radiography detects
the position of the Al-CH interface, b) Target evolution and shock
wave propagation illustrated by a sequence of 2-D grey-scale mass
density maps. Densities are represented on a linear grey-scale
ranging from 0 (while) to 10 g/cm^ (black). The target is irradiated
from the right, and the propagation of a leftward-moving shock is
clearly observed. The ablated low-density plasma is not shown

The target has been designed so as to minimize the 2-D effects that hinder the detection of the shocked fluid
interface and to have a nearly constant fluid velocity during the time interval in which the shock propagates
through the sample. The density evolution of a typical sample as obtained by 2-D simulations is shown in figure
10.12b.

In 1997 code improvement and testing accompanied the theoretical and simulation studies. The mesh-rezoning
algorithm and the radiation diffusion multigroup solver were improved and made more robust. The Monte Carlo
neutron transport scheme and the fusion burn module for non-D-T fuels (including nonthermal reactions) were
extensively benchmarked.
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11, Administration and Scientific
documentation

All administrative and related technical activities of the Nuclear Fusion Division are managed by the Technical
and Administrative Support Unit (ERG-FUS-STG) at Frascati. The unit is organized into two subunits:
Associations and Contracts (ERG-FUS-STG-ACO) and Technical Support (ERG-FUS-STG-STE), which
include respectively the Purchasing Office and the Scientific Publications Office (see also section 12).

The ERG-FUS-STG is directly responsible for the hardware/software related to administration and for all
matters concerning personnel.

Associations and Contracts provides administrative support for the preparation and follow-up of all domestic
and international contracts and in particular sees to all the obligations deriving from the EURATOM-ENEA
Association contract (JET, NET/ITER-related work, staff mobility, etc.), the ENEA-RFX Consortium
Association and ENEA-CNR Association contracts, and other association contracts. The Purchasing Office
process and issues all purchase orders.

Technical Support provides financial management services, including preparation of budgets, budget control,
and annual balance sheets, with regard to activities carried out for ENEA, the EURATOM-ENEA and ENEA-
CNR Associations, the ENEA-RFX Consortium Association, and other partners such as the CREATE
Consortium and the Polytechnic of Turin. The ENEA Frascati library is run directly by this unit.

Editing of Scientific publications, documentation, and artwork, plus technical support to conferences/seminars,
are provided by the Scientific Publications Office.



Reports, Tnbiicaiions? and Conferences

REPORTS
RT/ERG/FUS/97/02 R. ANDREANI, S. ATZENI, F. DE MARCO, L. PIERAZZI, G. VALL1: The energy amplifier: an analysis
and a research proposal

RT/ERG/FUS/97/03 Inertial confinement physics and technology- Progress Report (1996)

RT/ERG/FUS/97/04 F. ROMANELLI: Frascati Tokamak Upgrade (FTU): results and developments

RT/ERG/FUS/97/08 V. BOFFA: Possibility applicative a larga scala dei film spessi di YBCO su substrati metallici: stato
dell'arte e prospettive

RT/ERG/FUS/97/16 B. DI MARTINO, S. BRIGUGLIO, G. VLAD, P. SGUAZZERO: Parallel PIC plasma simulation
through particle decomposition techniques

RT/ERG/FUS/97/17 A. SESTERO: The "Omitron" and "model omitron "proposed experiments

RT/ERG/FUS/97/] 8 S.E. SEGRE: A review of plasma polarimetry (theory and techniques)

RT/ERG/FUS/97/19 G. BRACCO, O. TUDISCO: SHOW: a program for the integrated analysis of the data produced in
a nuclear fusion experimental device

RT/ERG/FUS/97/20 M. LEIGHEB: X-ray diagnostics of He-like titanium with the bent crystal spectrometer on FTU

RT/ERG/FUS/97/21 C. ALESSANDRINI, B. ANGELINI, M.L. APICELLA, G. MAZZITELLI, S. PIRANI, V. ZANZA:
Analisi della situazione del vuoto di FTU (Resoconto del lavoro svolto dalla task force)

PUBLICATIONS
97.02 A. CARUSO, C. STRANGIO, S.YU. GUS'KOV, N.N. DEMCHENKO, V.B. ROZANOV: Interaction of
nanosecond laser pulses with plastic foams
J. Russian Laser Res. 18, 464

97.06 L. BERTALOT, M. DAMIANI, B. ESPOSITO, L. LAGAMBA, S. PODDA, P. BATISTONI, P. DE FELICE, R.
BIAGINI: HPGe well-type detectors for neutron activation measurements on the Frascati tokamak upgrade
Rev. Sci. Instrum. 68, 1, 528

97.07 F. ORSITTO, G. GIRUZZI: Review of possibilities for a collective Thomson scattering system on ITER
Rev. Sci. Instrum. 68, 1, 686

97.08 B. ESPOSITO, R. MARTIN SOLIS, P. van BELLE, O.N. JARVIS, KB. MARCUS, G. SADLER, R. SANCHEZ, B.
FISCHER, P. FROISSARD, J.M. ADAMS, E. CECIL, N. WATKINS: Runaway electron measurements in the JET Tokamak
Plasma Phys. Control. Fusion 38, 2035

97.10 F. ORSITTO, A. BRUSADIN, E. GIOVANNOZZI: Avalanche photodiodes operating parameter optimization for
the Frascati Tokamak Upgrade Thomson scattering system
Rev. Sci. Instrum. 68, 2, 1201

97.12 M.L. APICELLA, G. APRUZZESE, M. BORRA, G. BRACCO, M. CIOTTI, I. CONDREA, F. CRISANTI, R. DE
ANGELIS, C. FERRO, L. GABELLIERI, G. GATTI, H. KROEGLER, M. LEIGHEB, G. MADDALUNO, G.
MARUCCIA, G. MAZZITELLI, D. PACELLA, V. PERICOLI-RIDOLFINI, L. PIERONI, R. ZAGORSKI, F. ALLADIO,
R. BARTIROMO, G. BUCETI, P. BURATTI, C. CENTIOLI, V. COCILOVO, B. ESPOSITO, A. FRATTOLILLO, E.
GIOVANNOZZI, M. GROLLI, A. IMPARATO, L. LOVISETTO, P. MICOZZI, S. MIGLIORI, A. MOLETI, F. ORSITTO,
L. PANACCIJONE, M. PANNELLA, S. PODDA, G.B. RIGHETTI, E. STERNINI, A.A. TUCCILLO, O. TUDISCO, F.
VALENTE, V. VITALE, R. ZANINO, V. ZANZA, M. ZERBINI: Experiments in FTU with different limiter materials
Nucl. Fusion 37, 3, 381



97.13 M. ZERBINI, P. AMADEO, P. BURATTI: Experimental results of amplitude modulation reflectometry on the FTU
Tokamak
Rev. Sci. Instrum. 68,(1), 428

97.14 M. ANGELONE, P. BATISTONI, A. ESPOSITO, M. MARTONE, M. PELLICCIONI, M. PILLON, V. RADO:
Measurement of neutron dose on a fusion reactor shield using TLD-300 phosphors
Radiat. Prot. Dosim. 70, 1-4, 169

97.15 F. ORSITTO, M.R. BELFORTE, M. BORRA, A. BRUSADIN, E. GIOVANNOZZI: Measurements of Zeff spatial
profiles from bremsstrahlung emission in the visible and near infrared spectral region
Rev. Sci. Instrum. 68, 1, 1024

97.17 V. BOFFA, T. PETRISOR, L. CIONTEA, U. GAMBARDELLA, S. BARBANERA: High-quality surface YBCO
thin films prepared by off-axis pulsed laser deposition technique
PhysicaC 276,218

97.18 M. CIOTTI, C. ALESSANDRINI, A. DE ANGELIS, V. VITALE, S. BERND, G. MARUCCIA, V. GRECO, G.
MOLESINI: New infrared thermal imaging camera diagnostic
Rev. Sci. Instrum. 68, 1, 971

97.19 C. ALVANI, J. AVON, S. CASADIO, M.A. FUETTERER, M.R. MANCINI, C.A. NANNETTI, S. RAVEL, N.
ROUX, L. SEDANO, V. VIOLANTE, A. TERLAIN, M. TOURASSE, S. TOSTI, M. ZANOTTI: Effect of purge gas
oxidizing potential on tritium release from Li-ceramics and on its permeation through 316L SS clads under irradiation
(TRINE experiment)
J. Nucl. Mater. 233, 1441

97.21 S.E. SEGRE: Fast determination of the full mueller matrix from phase measurements on a single detected signal
J. Opt. Soc. Am. A14, 6, 1363

97.30 B. RICCARDI, A. PIZZUTO, A. PALMIERI: Thermal and structural analysis of the ITER divertor outboard channel
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 287

97.31 P. PAPITTO, R. CESARIO, A. CUCCHIARO, A. MARRA, G.L. RAVERA, P. ZAMPELLI: The 1.8 MW-433 MHz
RF system for the ion Bernstein waves experiment on FTU
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 613

97.32 B. COPPI, R. ANDREANI, C. FERRO, M. GASPAROTTO, C. RITA, A. PIZZUTO, M. ROCCELLA, G.
CENACCHI, A. BIANCHI, G. GALASSO, L. LANZAVECCHIA: Plasma engineering in the ignitor experiment
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 813

97.33 V. VIOLANTE, S. TOSTI, A. COLOMBINI, S. CASTELLI, M. De FRANCESCO: Experimental confirmation of
the theoretical previsions for the applicability
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1205

97.34 S. TOSTI, A. COLOMBINI, V. VIOLANTE, C. RIZZELLO: Tritium recovery system in helium cooled ceramic
blanket for DEMO
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1209

97.35 A. DONATO, P. COLOMBO, Th. DIKONIMOS MAKRIS, R. GIORGI, M.O. ABDIRASHID, G. SCARINCI:
Joining of SiC/SiCf composites using a SiOC glass
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V, p. 1375

97.36 A. DONATO, C.A. NANNETTI, A. ORTONA, S. BOTTI, G. D'ALESSANDRO, G. FILACCHINI, and A.
MASCI: SiC/SiC fiber ceramic matrix composites for fusion application: a new manifacfuring process
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1379

97.37 C. NARDI, H. SCHNAUDER, M. EID: Reliability & availability analysis as a decisional meansat early stages of
the new machines design
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1547

97.38 E. VISCA, G. CECCOTTI, B. RICCARDI, G. MERCURIO: Technologies of joining between ITER reference
grade beryllium and copper alloys by diffusion bonding process
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 423

97.39 M.L. APICELLA, R. BARTIROMO, L. GABELLIERI, V. PERICOLI RIDOLFINI, L. P1ERONI, R. ZAGORSKI,
G. BRACCO, F. CRISANTI, D. FRIGIONE, G. GATTI, H. KROEGLER, G. MADDALUNO, G. MAZZITELLI: Effects
of wall silicon coating on FTU operations
Plasma Phys. Control. Fusion 39, 1153-1167

97.40 G. BEVILACQUA, E. SALPIETRO, H. K.RAUTH, A. SZULCZYK, M. THOENER, S. ANGIUS, P. GAGLIARDI,
A. LAURENTI, R. GARRE', S. ROSSI, M.V. RICCI, M. SPADONI: Industrial experience in manufacturing the
superconducting CIC conductors in EU for the ITER CS model coil
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 179

97.41 A. DE NINNO, A. LA BARBARE, V. VIOLANTE: Deformations induced by high loading ratios in palladium-
deuterium compounds
J. Alloys Compounds 253-2S4, 181-184



97.44 A. ORSINI, E. DI PIETRO, S. LIBERA, L. VERDINI, E. VISCA, E. VISCA, G. VIEIDER: Tribological behaviour
of CFC material
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 355

97.45 L. DI PACE, C. RIZZELLO, A. NATALIZIO, K. KALYANAM, R. MATSUGU, R. CAPORALI: Analysis of the
SEAFP reactor fuel cycle
J. Fusion Energy 16, 1/2, 55

97.51 G. BARBIERI, V. VIOLANTE, F. P. DI MAIO, A. CRISCUOLI, E. DRIOLI: Methane steam reforming analysis in
a palladium-based catalytic membrane reactor
Ind. Eng. Chem. Res. 36, 8 , 3369-3374

97.53 M. LEIGHEB, V. PERICOLI RIDOLFINI, R. ZAGORSKI: SOL parameters and local transport in the FTU tokamak
J. Nucl. Mat. 241-243, 914-918

97.54 G. DATTOLI, S.E. SEGRE: Evaluation of the polarimetric transition matrix for a magnetized plasma
Phys. Plasmas 4, 3, 898

97.61 S.C. GUO, C. LO SURDO, R. PACCAGNELLA: A numerical analysis of reversed field pinch equilibrium with
energy transport and dynamo electric field
Nucl. Fusion 37, 8, 1147

97.62 F. FABBRI, V. BOFFA, T. PETRISOR, R. BRUZZESE, L. CIONTEA, U. GAMBARDELLA, S. BARBANERA,
A. MONTONE, M. VITTORI ANTISARI: Superconducting and structural properties of YBCO thin films and multilayers
prepared by off-axis pulsed laser deposition technique
II Nuovo Cimento 19D, 8-9, 1061

97.63 P. BATISTONI, M. ANGELONE, W. DAENNER, U. FISCHER, L. PETRIZZI, M. PILLON, A. SANTAMARINA,
K. SEIDEL: Neutronics shield experiment for ITER at the Frascati neutron generator FNG
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 233

97.64 P. BATISTONI, M. ANGELONE, M. PILLON, V. RADO: Nuclear heating experiments for the validation of fusion
reactor shielding performance
Fusion Eng. Des. 36, 377-386

97.65 V. RADO, P. BATISTONI, L. PETRIZZI: Analysis of integral experiments on stainless steel shields for the
validation of the FENDL library
Fusion Eng. Des. 37, 39-48

97.66 S. BRIGUGLIO, L. CHEN, F. ROMANELLI, R.A. SANTORO, G. VLAD, F. ZONCA: Resonant excitation of
Alfven modes by energetic particles in tokamaks
Reprint IAEA, Vienna, Vol. 2, p. 543 (Proc. of the Sixteenth Int. Conf. on Fusion Energy, Montreal, 7-11 October 1996)

97.70 A. DE NINNO, V. VIOLANTE, A. LA BARB ERA: Consequences of lattice expansive strain gradients on hydrogen
loading in palladium
Phys. Rev. B56, 5, 2417

97.71 S. ATZENI, M.L. CIAMPI: Burn performance of fast ignited, tritium-poor ICF fuels
Nucl. Fusion 37, 12, 1665

97.72 F. ALLADIO, P. MICOZZI: Reconstruction of spherical torus equilibria in absence of magnetic measurements in
the central cavity
Nucl. Fusion 37, 12, 1759

97.78 V. VIOLANTE, A. DE NINNO: Lattice ion trap: a possible mechanism inducing a strong approach between two
deuterons in condensed matter
Fusion Technology 31, 219

97.80 P. BURATTI, F. ALLADIO, P. MICOZZI, O. TUDISCO, L. ACITELLI, B. ANGELINI, M.L. APICELLA, G.
APRUZZESE, E. BARBATO, A. BERTOCCHI, G. BRACCO, A. BRUSCHI, G. BUCETI, A. CARDINALI, C.
CENTIOLI, R. CESARIO, S. CIATTAGLIA, M. CIOTTI, S. CIRANT, V. COCILOVO, F. CRISANTI, R. DE ANGELIS,
F. DE MARCO, B. ESPOSITO, D. FRIGIONE, L. GABELLIERI, G. GATTI, E. GIOVANNOZZI, C. GOURLAN, G.
GRANUCCI, M. GROLLI, A. IMPARATO, H. KROEGLER, M. LEIGHEB, L. LOVISETTO, G. MADDALUNO, G.
MAFFIA, A. MANCUSO, M. MARINUCCI, G. MAZZITELLI, F. MIRIZZI, F.P. ORSITTO, D. PACELLA, L.
PANACCIONE, M. PANELLA, V. PERICOLI RIDOLFINI, L. PIERONI, S. PODDA, G.B. RIGHETTI, F. ROMANELLI,
F. SANTINI, M. SASSI, S.E. SEGRE, A. SIMONETTO, C. SOZZI, S. STERNINI, A.A. TUCCILLO, F. VALENTE, V.
VITALE, G. VLAD, V. ZANZA, M. ZERBINI: MHD activity in FTU plasmas with reversed magnetic shear
Plasma Phys. Control. Fusion 39, B383-B394

97.82 S. ATZENI, M.L. CIAMPI and A.R. PIRIZ: Ignition conditions and energy gain of spark-ignited and volume-
ignited ICF targets, in Advances in Laser Interaction with Matter and Inertial Fusion (Edited by G. Velarde et al.), World
Scientific, Singapore 1997, p. 275

97.83 S. ATZENI, M.L. CIAMPI: Burn performance of fast ignited, tritium-poor ICF fuels, Nuclear Fusion, in "Summary
of Topical Workshop on Fast Ignition of Fusion Targets, Garching, September 17-19, 1997, Max-Planck Institute fuer
Quantenoptik, Report MPQ 226, p. 111



97.84 S. ATZENI: Fast ignitors: ignition and bum
(Review talk, in Summary of the Fast Ignition Workshop, Berkeley, California 23-25 March 1997) p. 291

97.85 V.A. PA1S: Adiabatic isotropic turbulence in compressible fluids
Nuovo Cimento 190,12,1819

97.87 F. ALLADIO, L. ACITELLI, P. AMADEO, B. ANGEL1NI, M.L. APICELLA, G. APRUZZESE, E. BARBATO, R.
BARTIROMO, A. BERTOCCHI, M. BORRA, G. BRACCO, A. BRUSCHI, G. BUCETI, P. BURATTI, A. CARDINALI,
C. CENTIOLI, R. CESARIO, S. CIATTAGLIA, M. CIOTTI, S. CIRANT, V. COCILOVO, F. CRISANTI, R. DE
ANGELIS, F. DE MARCO, B. ESPOSITO, D. FRIGIONE, L. GABELLIERI, G. GATTI, E. GIOVANNOZZI, G.
GIRUZZI, C. GOURLAN, G. GRANUCCI, M. GROLLI, A. IMPARATO, H. KROEGLER, M. LEIGHEB, L.
LOVISETTO, G. MADDALUNO, G. MAFFIA, A. MANCUSO, M. MARINUCCI, G. MAZZITELLI, P. MICOZZI, F.
MIRIZZI, S. NOVAK, A. OREFICE, P. ORSITTO, D. PACELLA, L. PANACCIONE, M. PANELLA, V. PERICOLI, L.
PIERONI, S. PODDA, G.B. RIGHETTI, F. ROMANELLI, F. SANTINI, M. SASS1, S.E. SEGRE, A. SIMONETTO, G.
SOLARI, C. SOZZI, S. STERNINI, A.A. TUCCILLO, 0. TUDISCO, F. VALENTE, V. VITALE, G. VLAD, V. ZANZA,
M. ZERBINI: Additional heating and reversed magnetic shear in the FTU tokamak
(Proc. Sixteenth IAEA Fusion Energy Conference, Montreal, Canada, 7-11 October 1996), Vol. 3, p. 283

97.91 M. ANGELONE, P. BATISTONI, M. PILLON, V. RADO, A. ESPOSITO: Gamma and neutron dosimetry using
CaF->:Tm thermoluminescent dosimeters for fusion reactor shielding experiments
Nucl. Science Eng. 126, 176-186

97.92 M. TEMPORAL, S. ATZENI, D. BATANI, M. KOENIG, A. BENUZZI, B. FARAL: Numerical simulations for the
design of absolute equation-of-state measurements by laser-driven shock waves
II Nuovo Cimento 19D, 12, 1839

97.93 S. ATZENI, M.L. CIAMPI, A.R.PIRIZ, M. TEMPORAL, J. MEYER-TER-VEHN, M. BASKO, A. PUKHOV, A.
RICKERT, J. MARUHN, K.H. KANG, K.-J. LUTZ, R. RAMIS, J. RAMIREZ, J. SANZ, L.F. IBANEZ: Inertial fusion
target studies: heavy-ion target design and fast ignitor physics
(Proc. of the Sixteenth Intern. Conf. on Fusion Energy 1996, Montreal, 7-11/10/986)

97.94 M. PELLICCIONI, M. PILLON: Fluence to effective dose conversion coefficients for neutrons: a comparison
between results obtained by MCNP and FLUKA codes
Radiat. Prot. Dosim. 74, 4, 261

97.95 A. FERRARI, M. PELLICCIONI, M. PILLON: Fluence-to-effective dose conversion coefficients for muon
Radiat. Prot. Dosim. 74, 4, 227

97.96 A. FERRARI, M. PELLICCIONI, M. PILLON: Fluence to effective dose conversion coefficients for neutrons up to 10 TeV
Radiat. Prot. Dosim. 71, 3, 165

97.97 A. FERRARI, M. PELLICCIONI, M. PILLON: Fluence to effective dose conversion coefficients for protons from
5MeVto 10 TeV
Radiat. Prot. Dosim. 71, 2, 85

97.98 A. FERRARI, M. PELLICCIONI, M. PILLON: Fluence to effective dose and effective dose equivalent conversion
coefficients for electrons from 5 MeV to 10 GeV
Radiat. Prot. Dosim. 69, 2, 97

97.99 A. FERRARI, M. PELLICCIONI, M. PILLON: High-energy electron and photon radiation protection dosimetry
(Proc. of the 30th Midyear Topical Meeting of the Health Physics Society, San Jose -USA, 5-8/01/97)

97.100 SJ. PIET, L. DI PACE, G. FEDERICI, D.F. HOLLAND, K.A. McCARTHY, S. NISAN, Y. ODA, Y. SEKI, L.N.
TOPILSKI: Source term and mobilization assessment in NSSR-1 of ITER
J. Fusion Energy 16, 1/2,11

97.101 R. CAPORALI, T. PINNA: Multiple failure accident sequences for SEAFP reactor
J. Fusion Energy 16, 1/2, 45

97.102 S. SANDRI, L. DI PACE: ORE Assessment due to ACP in the PHTS of the point design phase of the ITER project
J. Fusion Energy 16, 1/2, 67

97.103 W. GULDEN, S. NISAN, M.-T. PORFIR1,1. TOUMI, T. BOUBEE DE GRAMONT: ITER safety analyses with ISAS
J. Fusion Energy 16, 1/2, 75

97.104 J. MUSTOE, S.M. ALI, L. DI PACE, C.B.A. FORTY, B.-C. FRIEDRICH, S. SANDRI, H.M. THOMSON:
Occupational exposure: the role of circuit chemistry and tube coatings in reducing the ORE of advanced water cooled fusion
plants and the potential effects of magnetic fields
J. Fusion Energy 16, 3, 291

97.105 G. GALASSO, L. LANZAVECCHIA, J. RAUCH, A. CUCCHIARO, A. PIZZUTO: The central solenoid of ignitor:
design and manufacturing aspects
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1111

97.106 S.K. COMBS, S.L. MILORA, L.R. BAYLOR, P.W. FISHER, C.A. FOSTER, C.R. FOUST, M.J. GOUGE, T.C.
JERNIGAN, H. NAKAMURA, B.J. DENNY, R.S. WILLMS, A. FRATTOLILLO, S. MIGLIORI: Pellet injector
development at ORNL



Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1153

97.107 D.G. CEPRAGA, G. CAMBI, L. DI PACE, M. VACCARI: Neutron exposure characterisation of ITER divertor
materials for source terms evaluation
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 299

97.108 L. GIANCARLI, G. BENAMATI, M.A. FUTTERER, C. NARDI, J. REIMANN, and K. SCHLEISIEK: EU water-
cooled Pb-17Li DEMO blanket: fabrication issues and future R&D priorities
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1307

97.109 Y. GOHAR, M. BILLONE, A. CARDELLA, I. DANILOV, W. DANNER, M. FERRARI, M. GIEGERICH, K.
IOKI, T. KURADA, D. LOUSTEAU, P. LORENZETTO, S. MAJUMDAR, R. MATTAS, K. MOHRI, R. PARKER, R.
RAFFRAY, Y. STREBKOV, H. TAKATSU, E. ZOLTI: Design and analysis of the ITER breeder blanket
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1315

97.110 A. SANTAMARINA, L. BENMANSOUR, B. CAMOUS, H. PHILIBERT, P. BATISTONI, M. PILLON: Neutron
flux experiment in the ITER shield mock-up at FNG
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1555

97.111 U. FISCHER, P. BATISTONI, M. PILLON: Three-dimensional neutronics analyses of the ITER bulk shield experiment
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1563

97.112 H. FREIESLEBEN, W. HANSEN, D. RICHTER, K. SEIDEL, S. UNHOLZER, U. FISCHER, Y. WU, M. ANGELONE,
P. BATISTONI, M. PILLON: Measurement and analysis of spectral neutron and photon fluxes in an ITER shield mock-up
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1571

97.113 R.T. SANTORO, H. IIDA, V. KHRIPUNOV, S. MORI, L. PETRIZZI, D. VALENZA: ITER nuclear analysis
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1579

97.114 P. GONDI, R. MONTANARI, A. SILI, S. FOGLIETTA, A. DONATO, G. FILACCHIONI: Applicability of the
FIMEC identation test to characterize materials irradiated in the future IFMIF high intensity neutron irradiation source
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1607

97.115 C. DAMIANI, D. CASSARINI, P.A. GAGGINI, R. SCARCELLA, M. TARANTINI, G. FERMANI, G. CERDAN,
D. MAISONNIER, J. SHEPPARD, J. MILLARD, J. BLEVINS, E. MARTIN, D. DUGLUE, A. TESINI, E. TADA: The
divertor test platform
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1709

97.116 S. NISAN, I. TOUMI, M.-T. PORFIRI, T. BOUBEE DE GRAMONT: Development of an integrated system of
codes for ITER safety analysis, ISAS
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1759

97.117 R. CAPORALI, T. PINNA, M.T. PORFIRI: Multiple failure accident sequences for SEAFP reactor
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1779

97.118 G. CAMBI, M.T. PORFIRI, D.G. CEPRAGA: Evaluation of the environment source terms for ITER divertor
primary heat transfer system LOCAs
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1783

97.119 J. MUSTOE, S.M. ALI, L. DI PACE, C.B. FORTY, B-C. FRIEDRICH, S. SANDRI, H.M. THOMPSON: Operator
protection for a future commercial fusion plant
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 1871

97.120 A. PIZZUTO, G. VIEIDER, M. BALDARELLI, G. BROLATTI, B. RICCARDI, M. ROCCELLA, I. SMID: The
outline design of the ITER divertor outboard vertical target dump plate and wing
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 291

97.121 L.F. MORESCHI, E. VISCA, S. STORAI, M. SACCHETTI, F. SALVI: Development and construction of a high
efficiency divertor mock-up using a semi-solid thixotropic alloy as thermal bond layer
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 295

97.122 S. CHIOCCHIO, K. IIOKI, M. ARAKI, P. BARABASCHI, J.B. BIALEK, V. KOKOTKOV, M. ROCCELLA, R.S.
SAYER, J. WESLEY, D. WILLIAMSON: Loads on the ITER in-vessel components from electromagnetic transients
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p. 719

97.123 S. CIATTAGLIA, B.M. ANGELINI, G. BUCETI, F. CRISANTI, F. GRAVANTI, G. MAZZITELLI, M.
PANELLA, E. STERNINI, A. TUCCILLO, V. ZANZA: The Frascati tokamak upgrade machine: plant and operation status
Fusion Technology 1996 C. Varandas and F. Serra (editors) 1997 Elsevier Science B.V., p.973

ARTICLES IN COURSE OF PUBLICATION
1 A. CARUSO, C. STRANGIO: Gain of a compressed DT fuel statistically ignited by a multispark assembly
(Submitted to J. Exp. Theor. Phys.)

2 V. PERICOLI-RIDOLFINI, A. PIETROPAOLO, R. CESARIO, ZONCA: Density, temperature and potential



fluctuations in the edge plasma of the FTU tokamak
(Submitted to Plasma Phys. Control. Fusion)

3 F. SCARAMUZZI: La fusione fredda otto anni dopo
(Submitted to Notiziario)

4 A. DONATO: A critical review of L^O ceramic breeder material properties correlations and data
(Submitted to Fusion Eng. Des.)

5 G. VLAD, M. MARINUCCI, F. ROMANELLI, A. CHERUBINI, M. ERBA, V. PARAIL, A. TARONI: A general
empirical based micro-instability transport model
(Submitted to NucL Fusion)

6 S. TOSTI, V. VIOLANTE: Numerical approach for a study of the hydrogen isotopes separation by palladium alloy membranes
(Submitted to Fusion Eng. Des.)

7 A. CARDINALI, C. CASTALDO, R. CESARIO, F. DE MARCO: Quasilinear damping of ion Bernstein waves on the
harmonic resonant layer
(Submitted to Phys. Plasmas)

8 S.E. SEGRE: On the use of polarization modulation in combined interferometry and polarimetry
(Submitted to Plasma Phys. Control. Fusion)

9 D.PACELLA, L. GABELLIERI, G. MAZZITELLI, K.B. FOURENIER, M. FINKENTHAL: Direct measurement of the
impurity radial flux in the FTU plasma core
(Submitted to Plasma Phys. Control. Fusion)

SO M TEMPORAL, S. ATZENI, D. BATANI, M. KOENIG, A. BENUZZI, B. FARAL: Numerical simulations for the
design of absolute equation of state measurements by laser driven shock waves
(Submitted to Nuovo Cimento D)

11 S. TOSTI, V. VIOLANTE, A. NATALIZIO: Analysis of tritium permeation in the steam generators of the SEAL fusion
power reactor
(Submitted to Fusion Eng. Des.)

12 S. ATZENI, M.L. CIAMPI: Bum performance of fast ignited, tritium-poor ICF fuels
(Submitted to Nucl. Fusion)

13 B.V. ROBOUCH, L. INGROSSO, J.S. BRZOSKO, V.I. VOLOSOV, A.A. IVANOV, Yu.A. TSIDULKO: Radiation
shield feasibility study for fusion material test facility GDT-NS (Novosibirsk)
(Submitted to Fusion Eng. Des.)

14 A. CARUSO, V.A. PAIS: Effects of the injected trigger pulse focusing and timing on the ignition and gain of dense
static, or imploding DT fuel
(Submitted to Phys. Letts.)

15 S. BRIGUGLIO, F. ZONCA, G. VLAD: Hybrid magnetohydrodynamic-particle simulation of linear and nonlinear
evolution of Alfven modes in tokamaks
(Submitted to Phys. Plasmas)

16 E. BARBATO: A theoretical analysis of magnetic shear reversal configurations on FTU by lower hybrid CO and counter
current drive
(Submitted to Plasma Phys. Control. Fusion)

17 V. VIOLANTE, A. TORRE, G. DATTOLI: Lattice ion trap: classical and quantum description of a possible collision
mechanism for deuterons in a metal lattice
(Submitted to Fusion Technol.)

18 A. DE NINNO, M. VITTORIANTISARI: Influence of the palladium microstructure on hydrogen and deuterium loading
(Submitted to J. Allows Comp.)

19 M. ANGELONE: A new approach to mixed (n-g) radiation fields dosimetry using TLD-300
(Submitted to Radiat. Prot. Dosim.)

20 S.E. SEGRE: Analysis of depolarization and cross-polarization in ellipsometry of films on rough surface
(Submitted to Appl. Optics)

21 F. ROMANELLI: Le ricerche sulla fusione tennonucleare controllata condotte sul tokamak FTU
(Submitted to II Nuovo Saggiatore)

22 F. ALLADIO, F. CRISANTI, A. MANCUSO, P. MICOZZI, O. TUDISCO, K.H. BURRELL, M.S. CHU, L.L. LAO, T.H.
OSBORNE, R. GIANNELLA, P. LOMAS, D. O'BRIEN, V. RICCARDO, B. SCHUNKE: Correlation among geodesic



curvature of the magnetic field lines, plasma rotation and improved confinement regimes in present tokamak experiments
(Submitted to Phys. Plasma)

23 C. LO SURDO, S.C. GUO: First-order toroidal effects in two-region self-consistent
(Submitted to Nuovo Cimento D)

CONTRIBUTIONS TO CONFERENCES
1 B.V. ROBOUCH, L. INGROSSO, J.S. BRZOSKO, V.I.VOLOSOV, A.A.IVANOV, YU.A.TSIDULKO: Protective-
shield capacity of hot magnets in the GDT (Novosibirsk) neutron generator
Presented at the 2nd Int. URAL Seminar on Radiation Damage Physics of Metals and Alloys, (Snezhinsk, Russian 23/02- 1/03)

2 A. PALMIERI, A. PIZZUTO, C. NARDI: Nonlinear modelling of the thermal performance of a pressurized water
cooled liquid LiPb breeder blanket for a fusion reactor
Presented at the ABAQUS Users' Conference (Pawtucket, June 4-6)

3 M. ANGELONE, P. BATISTONI, L. PETRIZZI, M. PILLON: Neutronics experiment on a mock-up of the ITER
shielding system at the Frascati Neutron Generator FNG
Presented at the Fourth Inter. Symp. on Fusion Nuclear Technology (Tokyo Japan, April 6-11)

4 A.A. TUCCILLO, E. BARBATO, F. CRISANTI, L. PANACCIONE, V. PERICOLI, S. PODDA, L. ACITELLI, F.
ALLADIO, P. AMADEO, B. ANGELINI, M.L. APICELLA, G. APRUZZESE, A. BERTOCCHI, M. BORRA, G.
BRACCO, A. BRUSCHI, G. BUCETI, P. BURATTI, A. CARDINALI, C. CENTIOLI, R. CESARIO, S. CIATTAGLIA,
M. CIOTTI, S. CIRANT, V. COCILOVO, R. DE ANGELIS, F. DE MARCO, B. ESPOSITO, D. FRIGIONE, L.
GABELLIERI, G. GATTI, E. GIOVANNOZZI, G. GRANUCCI, M. GROLLI, A. IMPARATO, H. KROEGLER, M.
LEIGHEB, L. LOVISETTO, G. MADDALUNO, A. MANCUSO, M. MARINUCCI, G. MAZZITELLI, P. MICOZZI, P.
ORSITTO, D. PACELLA, M. PANELLA, L. PIERONI, G.B. RIGHETTI, F. ROMANELLI, F. SANTINI, A.
SIMONETTO, C. SOZZI, S. STERNINI, 0. TUDISCO, F. VALENTE, V. VITALE, G. VLAD, V. ZANZA, M. ZERBINI:
Lower hybrid current drive in FTU high density shear reversed discharges
Presented at the 12th Topical Conf. on Radio Frequency Power in Plasma (Savannah , April 1-3)

5 P. BURATTI, M. ZERBINI, P. DE BERNARDIS, M. DE PETRIS: Flux collectors for ECE diagnostics on ITER
Presented at the 10th Joint Workshop on ECE & Electron Cyclotron Heating (Ameland, Olanda, April, 6-11)

6 P. BATISTONI, M. ANGELONE, M. PILLON, L. PETRIZZI: Neutronics shield experiment for the fusion reactor desing
Presented at the Int. Conf. on Nuclear Data for Science and Technology (Trieste; May 19-24)

7 M. PILLON, M. ANGELONE, P. BATISTONI, C. BUCCI: Experimental validation of activation cross section libraries
by integral experiments at FNG
Presented at the Int. Conf. on Nuclear Data for Science and Technology (Trieste May 19-24)

8 M. CIOTTI, T. DENNER, K. H. FINKEN, J. HOBIRK, G. MANK, G. MARUCCIA, V. VITALE, R. ZANINO: Infra-
red high temporal resolution thermal measurements on TEXTOR-94
Presented at the 24th Europ. Physical Society Conference on Controlled Fusion and Plasma Physics (Berchtesgaden,
Germany June 9-13)

9 F. ALLADIO, F. CRISANTI, A. MANCUSO, P. MICOZZI, O. TUDISCO, P. LOMAS, B. SCHUNKE, V. RICCARDO:
JET discharges with low geodesic curvature
Presented at the 24th Europ. Physical Society Conference on Controlled Fusion and Plasma Physics (Berchtesgaden,
Germany June 9-13)

10 V. PERICOLI RIDOLFINI, S. CIRANT, H. KROEGLER, L. PANACCIONE, S. PODDA, P. BURATTI, O. TUDISCO, G.
GIRUZZI, L. ACITELLI, F. ALLADIO, B.ANGELINI, M.L. APICELLA, G. APRUZZESE, E. BARBATO, A. BERTOCCHI,
G. BRACCO, A. BRUSCHI, G. BUCETI, A. CARDINALI, C. CENTIOLI, R. CESARIO, S. CIATTAGLIA, M. CIOTTI, V.
COCILOVO, F. CRISANTI, R. DE ANGELIS, F. DE MARCO, B. ESPOSITO, D. FRIGIONE, L. GABELLIERI, G. GATTI, E.
GIOVANNOZZI, C. GOURLAN, G. GRANUCCI, M. GROLLI, A. IMPARATO, M. LEIGHEB, L. LOVISETTO, G.
MADDALUNO, G. MAFFIA, A. MANCUSO, M. MARINUCCI, G. MAZZITELLI, P. MICOZZI, F. MIRIZZI, F.P. ORSITTO,
D. PACELLA, M. PANELLA, L. PIERONI, G.B. RIGHETTI, F. ROMANELLI, F. SANTINI, M. SASSI, S.E. SEGRE, A.
SIMONETTO, S. STERNTNI, A.A. TUCCILLO, F. VALENTE, V. VITALE, G. VLAD, V. ZANZA, M. ZERBINI, C. SOZZI, F.
GANDINI, N. SPINICCHIA: Current drive experiments at high density in the FTU tokamak
Presented at the 24th Europ. Physical Society Conference on Controlled Fusion and Plasma Physics (Berchtesgaden,
Germany June 9-13)

11 G. APRUZZESE, R. DE ANGELIS, G. GATTI: Influx of metal impurities from toroidal and poloidal limiter in FTU
Presented at the 24th Europ. Physical Society Conference on Controlled Fusion and Plasma Physics (Berchtesgaden,
Germany June 9-13)

12 D. FRIGIONE, E. GIOVANNOZZI, P. MICOZZI, L. ACITELLI, P. BURATTI, O. TUDISCO, V. ZANZA, F.



ALLADIO, B. ANGELINI, M.L. APICELLA, G. APRUZZESE, E. BARBATO, A. BERTOCCHI, G. BRACCO, A.
BRUSCHI, G. BUCETI, A. CARDINALI, C. CENTIOLI, R. CESARIO, S. CIATTAGLIA, M. CIOTTI, S. CIRANT, V.
COCILOVO, F. CRISANTI, R. DE ANGELIS, F. DE MARCO, B. ESPOSITO, L. GABELLIERI, G. GATTI, G.
GIRUZZI, C. GOURLAN, G. GRANUCCI, M. GROLLI, A. IMPARATO, H. KROEGLER, M. LEIGHEB, L.
LOVISETTO, G. MADDALUNO, G. MAFFIA, A. MANCUSO, M. MARINUCCI, G. MAZZITELLI, F. MIRIZZI, F.P.
ORSITTO, D. PACELLA, , L. PANACCIONE, M. PANELLA, V. PERICOLI RIDOLFINI, L. PIERONI, S. PODDA, G.B.
RIGHETTI, F. ROMANELLI, F. SANTINI, M. SASSI, S.E. SEGRE, A. SIMONETTO, S. STERNINI, A.A. TUCCILLO,
F. VALENTE, V. VITALE, G. VLAD, M. ZERBINI, C. SOZZI, F. GANDINI, N. SPINICCHIA: Improved confinement
on FTU sustained by multiple pellet injection
Presented at the 24th Europ. Physical Society Conference on Controlled Fusion and Plasma Physics (Berchtesgaden,
Germany June 9-13)

13 E. BARBATO, F. CRISANTI, A.A. TUCCILLO, FTU TEAM, ECRH TEAM: Analysis of shear reversal formation
scenarios on FTU by lower hybrid current drive
Presented at the 24th Europ. Physical Society Conference on Controlled Fusion and Plasma Physics (Berchtesgaden,
Germany June 9-13)

14 P. BURATTI, O. TUDISCO, L.PANACCIONE, L. ACITELLI, F. ALLADIO, B. ANGELINI, M.L. APICELLA, G.
APRUZZESE, E. BARBATO, A. BERTOCCHI, G. BRACCO, A. BRUSCHI, G. BUCETI, A. CARDINALI, C.
CENTIOLI, R. CESARIO, S. CIATTAGLIA, M. CIOTTI, S. CIRANT, V. COCILOVO, F. CRISANTI, R. DE ANGELIS,
F. DE MARCO, B. ESPOSITO, D. FRIGIONE, L. GABELLIERI, G. GATTI, E. GIOVANNOZZI, C. GOURLAN, G.
GRANUCCI, M. GROLLI, A. IMPARATO, H. KROEGLER, M. LEIGHEB, L. LOVISETTO, G. MADDALUNO, G.
MAFFIA, A. MANCUSO, M. MARINUCCI, G. MAZZITELLI, P. MICOZZI, F. MIRIZZI, F.P. ORSITTO, D. PACELLA,
M. PANELLA, V. PERICOLI RIDOLFINI, L. PIERONI, G.B. S. PODDA, RIGHETTI, F. ROMANELLI, F. SANTINI, M.
SASSI, S.E. SEGRE, A. SIMONETTO, C. SOZZI, S. STERNINI, A.A. TUCCILLO, F. VALENTE, V. VITALE, G. VLAD,
V. ZANZA, M. ZERBINI: Sawtooth stabilisation on the FTU Tokamak
Presented at the 24th European Physical Society Conference on Controlled Fusion and Plasma Physics (Berchtesgaden,
Germany June 9-13)

15 M. MARINUCCI, A. CHERUBINI, M. ERBA, V. PARAIL, F. ROMANELLI, A. TARONI, G. VLAD: Simulations of
standard and high-temperature L-mode pulses with a general empirical microinstability based transport model
Presented at the 24th European Physical Society Conference on Controlled Fusion and Plasma Physics (Berchtesgaden,
Germany June 9-13)

16 L. BERTALOT, G. BENCIVENNI, B. ESPOSITO, G. PIZZICAROLI: Application of micro strip gas chambers as
neutron detectors in controlled thermonuclear fusion experiments
Presented at the 7th Pisa Meeting on Advanced Detectors, (La Biodolo, Isola d'Elba, May 25-31)

17 R. ANDREANI, P. BATISTONI, F. DE MARCO: Neutronics problems in the design and construction of a magnetic
fusion reactor
Presented at the Int. Conf. on Nuclear Data for Science and Technology (Trieste, May 19-24)

18 L. PETRIZZI, M. ANGELONE, P. BATISTONI, M. PILLON: Review of the comparison between calculated and
experimental results with FNG, using new nuclear data of FE56 FOM EFF-3 and JENDL-FF
Presented at the Int. Conf. on Nuclear Data for Science and Technology, (Trieste, May 19-24)

19 G. BRACCO, G. BUCETI, A. IMPARATO, M. PANELLA, S. PODDA, G.B. RIGHETTI, O. TUDISCO, V. ZANZA:
Data analysis software on the FTU experiment and its recent developments
Presented at the IAEA Technical Committee Meeting on Data Acquisition and Management for Fusion Research (Garching
July 22-24)

20 A. BERTOCCHI, V. BOZZOLAN, G. BUCETI, C. CENTIOLI, A. IMPARATO, G. MAZZA, M. PANELLA, C.
TORELLI, V. VITALE: A commercial real-time manufacturing integration platform for the new control system on FTU
Presented at the IAEA Technical Committee Meeting on Data Acquisition and Management for Fusion Research (Garching
July 22-24)

21 A. ORSINI, S. LIBERA, L. VERDINI, E. VISCA: Tribological behaviour of experimental device components for
controlled nuclear fusion research
Tribologia (Londra September 8-12)

22 G. ANGELONE, A. CUCCHIARO, A. DE VELLIS, A. MARRA, E. PESCI, P. POLINARI A. BRUSCHI, R. BOZZI,
S. CIRANT, F. GANDINI, G.GITTINI, G. GRANUCCI, V. MELLERA, V. MUZZINI, A. SIMONETTO, C. SOZZI, N.
SPINICCHIA: Transmission lines for ECRH experiments on FTU tokamak
Presented at the 17th IEEE/NPSS Symposium Fusion Engineering (San Diego, Calif, October 6-10)

23 B.RICCARDI, A.PIZZUTO, L.BERTAMINI, M.DIOTALEVI, G.VIEIDER : Development of tungsten coatings for
ITER divertor components
Presented at the 17th IEEE/NPSS Symposium Fusion Engineering (San Diego, Calif. October 6-10)

24 R. CARDINALI, S. BERNABEI, F. PAOLETTI, W. TIGHE, S. VON GOELER: Theory of ion Bernstein and lower



hybrid waves synergy
7th Europ. Fusion Theory Conference (Julich October 8-10)

25 M. FERRARI, W. DAENNER, A. BIANCHI, G. CELENTANO, D. CEPRAGA, A. CHEYNE, M. DALLE DONNE,
L. DE STEFANIS, M. EID, J.-M. GAY, W. GULDEN, H. JAHN, F. LUCCA, X. MASSON, G. MAZZONE, J. MUSTOE,
L. PETRIZZI, T. PINNA, M. PIROZZI, A. PIZZUTO, Y. POITEVrN, M. ROCCELLA, F. SCAFFIDI-ARGENTINA, D.
SHERWOOD, F. ZACCHIA: The European breeding blanket design for ITER
Presented at the 17th IEEE/NPSS Symposium Fusion Engineering (San Diego, Calif. October 6-10)

26 G. MAZZONE, A. PIZZUTO: Transient behaviour of the ignitor plasma chamber under vertical displacement and halo
current event
Presented at the 17th IEEE/NPSS Symposium Fusion Engineering (San Diego, Calif. October 6-10)

27 M. ROCCELLA, M. GASPAROTTO, D. LATTANZI, C. RITA, S. CHIOCCHIO, F. ELIO, N. MIKI, F. LUCCA:
Detailed electromagnetic analyses of the ITER in-vessel components during plasma disuptions
Presented at the 17th IEEE/NPSS Symposium Fusion Engineering (San Diego, Calif. October 6-10)

28 A. DELLA CORTE, M.V. RICCI, M. SPADONI, G. BEVILACQUA, R. MAIX, E. SALPIETRO, S. CONTI, R.
GARRE, S. ROSSI: Status of the manufacturing of the EU conductor for the ITER TF model coil
Presented at the MT-15 (Pechino, October 20-24)

29 L.N. TOPILSKI, D.A. PETTI, B.J. MERRILL, S.T. POLKINGHORNE, R. MOORE, T. INABE, Y. SEKI, R.
KURIHARA, W. GULDEN, J. M.GAY, R. BLOMQUIST, L. DI PACE, M.T. PORFIRI, T. KUNUGI, K. TAKASE:
Validation and verification of ITER safety computer codes
Presented at the 17th IEEE/NPSS Symposium Fusion Engineering (San Diego, Calif. October 6-10)

30 S. CIATTAGLIA, B. ANGELINI, G. BUCETI, R. CESARIO, F. CRISANTI, V. COCILOVO, D. FRIGIONE, F.
GRAVANTI, G. MADDALUNO, G. MAZZITELLI, L. PIERONI, V. PERICOLI-RIDOLFINI, E. STERNINI, A. A.
TUCCILLO, V. VITALE, V. ZANZA, F. ALLADIO, M.L. APICELLA, G. APRUZZESE, E. BARBATO, A. BERTOCCHI,
G. BRACCO, A. BRUSCHI, P. BURATTI, A. CARDINALI, C. CENTIOLI, M. CIOTTI, S. CIRANT, R. DE ANGELIS,
F. DE MARCO, B. ESPOSITO, L. GABELLIERI, G. GATTI, E. GIOVANNOZZI, C. GOURLAN, G. GRANUCCI, M.
GROLLI, A. IMPARATO, H. KROEGLER, M. LEIGHEB, L. LOVISETTO, G. MAFFIA, A. MANCUSO, M.
MARINUCCI, P. MICOZZI, F. MIRIZZI, F.P. ORSITTO, D. PACELLA, L. PANACCIONE, M. PANELLA, S. PODDA,
G.B. RIGHETTI, F. ROMANELLI, F. SANTINI, M. SASSI, A. SIMONETTO, C. SOZZI, O. TUDISCO, G. VLAD, M.
ZERBINI: The Frascati tokamak upgrade machine: availability analysis, main resuilts and future programme
Presented at the 17th IEEE/NPSS Symposium Fusion Engineering (San Diego, Calif. October 6-10)

31 E. VISCA, F.L. MORESCHI, A. PIZZUTO, B. RICCARDI, A. ORSINI: Semi-solid alloys as thermal bond layer for
plasma facing components
Presented at the 5th International Conference "Semi-Solid Processing of Alloys and Composites" (Golden, Colorado June 23-25)

CONFERENCES AND SEMINARS
The Nuclear Fusion Department promotes the dissemination of information on plasma physics and fusion technology, both
nationally and internationally

Conferences organized and held at the ENEA Frascati in 1997

27/05/97: Giornata di Studio sulla Ricerca e Sviluppo di Sistemi Metallo-Idrogeno

12-13/5/97: Joint Working Meeting on ICRF Antenna Design (Joint ITER/CCFW 18 Meeting)

Seminars organized and held at Frascati in 1997

13-01-97 SHOUCRI M. - Varenne - Canada
Charge Separation and Velocity Shear at a Plasma Edge in the Finite Gyro-radius Guiding Center Approximation

20-01-97 LEDYANKIN A.I. - University of St. Pietroburgo - St. Petersburg, Russia
Measurements of Electron Density and Temperature Radial Profiles in the Peripherial Plasma of Tore Supra

27-01-97 DRURY L. - School of Cosmic Physics - Dublin, Ireland
Non Resonant MHD Instabilities Driven by Energetic Particle Fluxes

3-02-97 DE BENEDETTI M. - JET - Culham, G. B.
Risultati Sperimentali Usando le Saddle Coils Interne al JET



13-02-97 BOMBARDA F. - ENEA - Frascati, Italy
Trasporto, Denti di Sega e Altri Risultati di Alcator C-Mod

24-02-97 ROMANELLI M. - JET - Culham, G. B.
Equilibri di Impurezze nel Tokamak JET

3-03-97 MARCHESE V. - JET - Culham, G. B.
Sensor Redundancy and Knowledge-based Fault Detection Techniques Used in Jet Coil and Vacuum Vessel Support Systems

17-03-97 CELENTANO G. - ENEA - Frascati, Italy
Applicazione del "Quality Assurance" al JET. Controllo delle Fasi di Progetto e Costruzione Attraverso l'Uso di Documenti
di Qualita

18-03-97 BURATTI P. - ENEA - Frascati, Italy
Diagnostiche FTU

18-03-97 DE ANGELIS R. - ENEA - Frascati, Italy
Diagnostiche FTU

18-03-97 ESPOSITO B. - ENEA - Frascati, Italy
Diagnostiche FTU

18-03-97 GABELLIERI L. - ENEA - Frascati, Italy
Diagnostiche FTU

18-03-97 ORSITTO F. - ENEA - Frascati, Italy
Diagnostiche FTU

21-03-97 DALLE DONNE M. - C.E. Garching - Germany
Use of Be Pebblebed in Fusion Reactors

24-03-97 PEGORARO F. - Universita di Pisa - Pisa, Italy
Un Meccanismo Elementare di Riconnessione Magnetica non Dissipativa

26-03-97 ALLADIO F. - ENEA - Frascati, Italy
Proposte per Nuovi Esperimenti da Costruire a Frascati dopo FTU: SPHERA

26-03-97 BARBATO E. - ENEA - Frascati, Italy
Proposte per Nuovi Esperimenti da Costruire a Frascati dopo FTU: HB-FT

26-03-97 CARD1NALI A. - ENEA - Frascati, Italy
Proposte per Nuovi Esperimenti da Costruire a Frascati dopo FTU: SPHERA

26-03-97 MICOZZI P. - ENEA - Frascati, Italy
Proposte per Nuovi Esperimenti da Costruire a Frascati dopo FTU: SPHERA

26-03-97 ORSITTO F. - ENEA - Frascati, Italy
Propostc per Nuovi Esperimenti da Costruire a Frascati dopo FTU: HB-FT

26-03-97 PIERONI L. - ENEA - Frascati, Italy
Proposte per Nuovi Esperimenti da Costruire a Frascati dopo FTU: SPHERA

26-03-97 ZANZA V. -ENEA - Frascati, Italy
Proposte per Nuovi Esperimenti da Costruire a Frascati dopo FTU: SPHERA

26-03-97 ZONCA F - ENEA - Frascatj, Italy
Proposte per Nuovi Esperimenti da Costruire a Frascati dopo FTU: HB-FT

7-04-97 ALESSANDR1NI C. - ENEA - Frascati, Italy
Resoconto Task Force sul Vuoto di FTU

7-04-97 APICELLA M.L. - ENEA - Frascati, Italy
Resoconto Task Force sul Vuoto di FTU

7-04-97 MAZZITELLI G. - ENEA - Frascati, Italy
Resoconto Task Force sul Vuoto di FTU

14-04-97 RUBBIA C. - CERN - Geneva, Switzerland
L'Amplificatore di Energia Operante con Neutroni Veloci

15-04-97 CIMA G. - Fusion Research Center - Austin, USA



Electron Diffusivity in the Sawtoothing Tokamak Core

12-05-97 DE MARCO F. - ENEA - Frascati, Italy
Conclusioni del "Physics Ad-Hoc Group" Europeo per la Valutazione del Detailed Design Report di ITER

12-05-97 ROMANELLI F. - ENEA - Frascati, Italy
Conclusioni del "Physics Ad-Hoc Group" Europeo per la Valutazione del Detailed Design Report di ITER

19-05-97 BRIGUGLIO S. - ENEA - Frascati, Italy
Modi di Alfven e Confinamento delle Particelle Alfa nei Tokamaks

26-05-97 FORM AN V. - Frank Laboratory of Neutron Physics - Dubna, Russia"
The Theory of Slow Neutron Induced Fission

2-06-97 CIOTTI M. - ENEA - Frascati, Italy
Tennografia ad Alta Risoluzione Spaziale e Temporale sulla Macchina Textor-94

16-06-97 SHIGERU S. - National Institute for Fusion Science - Toki, Giappone
Present Status of Superconducting Helical Device: LHD

18-06-97 COPPI B. - MIT - Cambridge, USA
Presentazione Progetto Ignitor

7-07-97 SHEFFIELD J. - Oak Ridge National Laboratory - Oak Ridge, USA
World Population Growth, Potential Energy Demand, and the Role of Different Energy Sources

14-07-97 ANGELONE M. - ENEA - Frascati, Italy
Resoconto dell'ISNFT-4 (International Symposium on Fusion Nuclear Technology).

14-07-97 PORFIRI M.T. - ENEA - Frascati, Italy
Resoconto dellTSNFT-4 (International Symposium on Fusion Nuclear Technology).

lg-07-97 PIRIZ R. - Universita di Castilla La Mancha - Castilla, Spain
Dynamics of Ignition Triggered Ion Beams

25-09-97 BIBET F. - CEN - Cadarache, France
Multigiunzioni Attive-Passive. Ultimi sviluppi a Cadarache

3-11-97 YIZHI W. - University of Science and Technology of China - Hefei, China
Characteristics and Active Control of Micro-Turbolence on KT-SC Tokamak.

10-11-97 MUKHOPADHYAY S. - Saha Institute of Nuclear Physics - Calcutta, India
Research Activities around the SINP Tokamak

17-1] -97 JAN SHAN M. - Institute of Plasma Physics, Academia Sinica - Hefei, China
H-Mode Behavior Induced by Edge Multi-pulse Turbulent Heating on HT-6M Tokamak

20-11-97 GUS'KOV S.Y. - P.N. Lebedev Physical Institute - St. Petersburg, Russia
Studies on Interaction of Laser Light with Low Density Matter at the P.N. Lebedev Physical Institute

24-11-97 WHITE R. - Princeton Plasma Physics Laboratory - Princeton, USA
Ripple Induced Particle Loss in Tokamaks

27-11-97 ANTONI V. - CNR - Padova, Italy
Trasporto di Particelle ed Energia nella Regione esterna di RFX

28-11-97 MEYER-TER-VEHN J. - Max Planck Institute fur Quantenoptik - Garching, Germany
Fast Ignition of Fusion Targets and Relativistic Plasma Physics with Ultra-intense Laser Beams

18-12-97 JOVANOVICH D. - Institute of Physics - Belgrade, Yugoslavia
Stationary Large Amplitude Drift Waves in the Presence of Magnetic Shear

22-12-97 LO SURDO C. - ENEA - Frascati, Italy
II Problema Shafranov Autoconsistente

li
j rasirr



Organization Cftart

DIRECTORATE q
FUSION DIVISION

R. Andreani

Assoc. Directors: F. De Marco 1 I
G. B. Righetti j ' ;

Scientific Secretariat F

F. De Marco
acting

JET/NET 7
Personnel !
R. Andreani

acting

PROJECTS

Radiofrequency "

G B. Righetti
acting

Plasma Physics -
Application I
F . De Marco 1

Conceptual f
Reactor Studies

V. Zampaglione

Intense Neutron
Source (IFMIF) f.

M. Martone

NET/ITER

Deputy Director Magnetic
Confinement Fusion Physics

F. Romaneili

Administration
& Control

F. Pecorella

Deputy Director '•
Fusion Technology ;

M Gasparo'to

IGNITOR

R. Andreani
acting

Inertial Confinement "I
Fusion ] •

A. Caruso , .

Electrical
Engineering

A Coletti

Brasimone fl
Center , !

D. Cassarini(*) i_ 1

Deputy Director Experimental
Engineering

A.M A. PizzutoC)

(") from October 1997

<DecemSer 1997

[eft

V. ,'



List ofTersonnel

The following list of Nuclear Fusion Division personnel (as of 31 December 1997) is ordered according to the
divisions and units shown in the Organization Chart. Some of the staff belong to the EURATOM-ENEA
Association.

Superscripts: 1) EURATOMpersonnel; 2) On leave at JET; 3) On mission at NET; 4) On leave

FUSION DIVISION DIRECTORATE
FRASCATI

Andreani Roberto (Director)
De Marco Francesco (Associate Director)
Righetti Giovan Battista (Associate Director)
Albanese Angelina
Cavalcariola Carla
Lazzarini Giovanna
Novelli Maria Rita

Scientific Advisors and Assistants to the
Director
Atzeni Stefano
Colombini Angelo
Ferro Carlo
Sacchetti Nicola
Samuelli Maurizio
Santini Franco1

JET/NET Personnel
Bertolini Enzo2

Bonicelli Tullio2

Giannella Ruggero2

Ingala Luciano3

Malavasi Battista3

Nannetti Morena3

Ottaviani Maurizio2

Salpietro Ettore3

Santagiustina Andrea2

Tabellini Manlio2

Tanga Arturo2

Tesini Alessand.ro2

PROJECTS:

Radiofrequency
Righetti G. Battista (acting)
Sassi Mauro

Plasma Physics Application
De Marco Francesco (acting)
Vecchi Marcello

Conceptual Reactor Studies
Zampaglione Vincenzo

Intense Neutron Source (IFMIF)
Martone Marcello

NET/ITER
Pierazzi Luigi

Ignitor
Andreani Roberto (acting)
Valli Giulio
Detragiache Paolo

SCIENTIFIC SECRETARIAT

De Marco Francesco (acting)
Arcangeli Donatella
Bocci Laura Zita
Brunetti Alessandra
Ensoli Alessandra
Polidoro Maria
Ricci Mirella

INERTIAL CONFINEMENT FUSION

Caruso Angelo
Andreoli Pierluigi
Cristofari Giuseppe
Dattola Antonino
Fioravanti Laura
Giupponi Piero
Maci Paolo
Montanari Enrico
Pais Vincente Angel
Strangio Carmela



ELECTRICAL ENGINEERING

Coletti Alberto
Berardi Beniamino
Callegari Mauro
Candela Guido
Carlotti Enrico
Ciccone Giovanni
Costa Pietro
Del Prete Enrico
Di Giovenale Sergio
Domenicone Antonio Aldo
Emiliozzi Vincenzo
Fermani Giovanni
Fortunato Tullio
Gourlan Corantin1

Lupini Sergio
Maffia Giuseppe
Mirizzi Francesco
Neri Carlo
Papalini Massimo
Papitto Paolo
Petrosino Salvatore
Ravera Gian Luca
Riva Marco
Roccon Mario
Santinelli Maurizio
Sodani Franca
Starace Fabio
Valente Franco
Zampelli Pietro
Zannelli Luigi

TECHNICAL AND
ADMINISTRATIVE SUPPORT

Pecorella Francesco
David Cesare
Miglietta Flavio
Pelliccia Rosanna

Associations and Contracts
Manganiello Nicola
Campana Elena
Carocci Franco
Ciavarella Angela,
Fonti Giuseppe
Forte Antonio
Fraboni Gianpiero
Genangeli Emilia
Misano Guglielma
Perez Laura
Spignese Giulia
Vinciguerra Franca
Zaccardi Mario

Technical Support and Scientific
Publications
Leprai Filippo
Antonelli Laura
Bottomei Mauro

Cecchini Marisa
Ciarlo Sergio
Crescentini Lucilla
De Palo Clelia
De Santis Maria Grazia
Di Natale Lucia
Fabbriconi Marisa
Gentili Alessandro
Ghezzi Lucilla
Giuli Tiziana
Liberati Marina
Riske Peter1

Vendetti Lucia
Venettoni Patrizia

MAGNETIC CONFINEMENT
FUSION PHYSICS

Romanelli Francesco (Deputy Director)
Barbato Emilia Orsitto (Deputy Director Assistant)
Nardone Daniela

FTU Operation Coordinator
Crisanti Flavio

FTII Data Analysis
Buratti Paolo
Bracco Giovanni

Low-Aspect-Ratio Tokamak Project
Alladio Franco
Mancuso Alessandro
Micozzi Paolo
Pieroni Leonardo

Experimental Physics and Tokamak
Operation Section
Tuccillo Angelo Antonio
Cantarini Luciano
Cesario Roberto
Conti Bruno
Frigione Domenico
Grilli Enrico
Grosso Luigi Andrea
Panaccione Luigi
Podda Salvatore
Tudisco Onofrio
Zerbini Marco

Experimental Physics and Radiation
Diagnostics Section
Zanza Vincenzo
Apruzzese Gerarda Maria
Bombarda Francesca
Borra Massimo
Brusadin Alberto
Castorina Franco
De Angelis Riccardo
Gabellieri Lori
Gatti Gerardo



Giovannozzi Edmondo
Grolli Mario
Kroegler Horst1

Leigheb Mario
Mantovani Sergio
Orsitto Francesco
Pacella Danilo
Pericoli Vincenzo
Pizzicaroli Giuseppe
Sibio Alessandro
Tartoni Nicola
Tilia Benedetto

TJieoretical Physics Section
Zonca Fulvio
Briguglio Sergio
Cardinali Alessandro
Fogaccia Giuliana
Marinucci Massimo
Vlad Gregorio

FTU Machine Units
Ciattaglia Sergio
Mazzitelli Giuseppe
Angelini Bianca Maria
Bertocchi Alfredo
Bozzolan Walter
Buceti Giuliano
Cefali Paolo
Centioli Cristina
Cesarini Bruno
Cocilovo Valter
Gravanti Filippo
Iannone Francesco
Mazza Giulio
Mori Maria Luisa
Pambianchi Lamberto
Panella Mauiizio
Pasquali Callisto
Sternini Enrico
Torelli Canzio
Tulli Rosario
Vitale Vincenzo
Zannetti Danilo

FUSION TECHNOLOGY

Gasparotto Maurizio (Deputy Director)
Giovagnoli Laura
Melorio Catia
Riccardi Bruno
Sansovini Maria Laura

Demo Technologies Project
Donato Aldo

Electromagnetic Computations
Roccella Massimo
Lattanzi Daniele
Rita Camillo

Safety and Environmental
Gasparotto Maurizio (acting)
Di Pace Luigi
Pinna Tonio
Porfiri M Teresa

Mechanical Engineering Section
Gasparotto Maurizio (acting)
Angelone Giuseppe
Annovi Pietro
Anzidei Lorenzo
Baldarelli Massimo
Brolatti Giorgio
Capobianchi Mario
Carletti Roberto
Celentano Giulio
Crescenzi Claudio
Cucchiaro Antonio
De Vellis Attilio
Domma Corrado
Ferrari Marco
Guerrieri Alessandro
Guiducci Sergio
Marcelli Michele Antonio
Marra Antonio
Mazzone Giuseppe
Moriani Andrea
Nardi Claudio
Nuvoli Marcello
Palmieri Rocco Aldo
Pesci Enrico
Polinari Paolo
Priori Leo
Semeraro Luigi
Talarico Carlo

Neutronics Section
Batistoni Paola
Angelone Maurizio
Bertalot Luciano
Borelli Rodolfo
Esposito Basilio
Gallina Mauro
Pagano Guglielmo
Petrizzi Luigino
Pillon Mario
Rapisarda Massimo
Regano Antonio
Robouch Benjamin1

Rollet Sofia
Spatafora Giuseppe

Advanced Fusion Technologies Section
Violante Vittorio
Alessandrini Carlo
Apicella Maria Laura
Bettinali Livio
De Ninno Antonella
Di Pietro Enrico
Frattolillo Antonio
Galifi Giuseppe
Lecci Domenico



Libera Stefano
Lollobatista Giuseppe
Maddaluno Giorgio
Marini Fabrizio
Martinis Lorenzo
Mori Luciano
Orsini Aldo
Pagliaroli Luigi Piero
Sacchetti Marcello
Serafini Adriano
Sorgi Mauro
Tosti Silvano
Verdini Luigi
Visca Eliseo

Superconductivity Section
Spadoni Maurizio
Bartoloni Giorgio
Boffa Vincenzo
Bruzzese Gargia Riccardo
Catitti Aldo
Chiarelli Sandro
Ciotti Marco
Cristofori Pietro
Delia Corte Antonio
Di Ferdinando Enzo
Gislon Paola
Mastacchini Carlo
Mazza Luciano
Moroni Manrico
Pasotti Giorgio
Ricci Mario

EXPERIMENTAL ENGINEERING
BRASIMONE

Pizzuto Aldo Maria Antonio (Deputy Director)
Rapezzi Luigi (Deputy Director Assistant)
Rossi Elia (Deputy Director Assistant)
Groppalli Carla Luisa
Masinara Annamaria
Miosotidi Emanuela
Miosotidi Silvana

Thermofluidodynamics Project
Dell'Orco Giovanni
Polazzi Giuseppe

Divert or Remote Handling Project
Damiani Carlo
Baldi Luciano
Lorenzelli Luciano
Micciche Gioacchino

Plasma Physics Applications Project
Rapezzi Luigi (acting)
Sammarco Gianfranco

Materials Compatibility Project
Benamati Gianluca
Agostini Massimo

Degli Esposti Luciano
Elmi Natalino
Guccini Massimo Andrea
Rapezzi Luca
Ricapito Italo

Materials Characterization Project
Moreschi Luigi Filippo
Alessandrini Italo
Salvi Federico

Conventional Safety Service
Cucumazzi Romolo (acting)
Barbi Bruno
Beccaglia Sergio
Civerra Aldo
Gamberini Sergio
Giardini Paolo
Marinaci Silvio
Monari Mauro
Vitali Silvano
Vitamia Agostino

Experimental Plants Management Section
Pizzuto Aldo Maria Antonio (acting)
Armeni Maurizio
Arrighi Carlo
Barbi Angelo
Bertacci Giancarlo
Bichicchi Amabilio
Bichicchi Renzo
Caliolo Antonio
Canneta Angelo
Collina Giuseppe
Collina Graziano
Desideri Fabrizio
Elmi Cesare
Elmi Giovanni
Fasano Giuseppe
Fogacci Guido
Frascati Fabrizio
Giacomelli Silvano
Guzzini Enzo
Lamina Giuseppe
Lepri Giovanni
Masotti Luigi
Muro Luigi
Nivazzi Tiziano
Nucci Sergio
Panichi Enrico
Pazzaglia Giorgio
Pazzaglia Sergio
Pazzaglia Ugo 37
Pazzaglia Ugo 51
Pierucci Giampiero
Querci Messero
Rapezzi Danilo
Rapezzi Emilio
Romagnoli Giuseppe
Sacchetti Jader
Sansone Lorenzo
Serra Massimo
Simoncini Massimiliano



Storai Sandro
Varocchi Giuseppe

Components Design Section - Bologna
Antonucci Carlo Maria
Colaiuda Antonio
Gaggini Pierantonio
Poli Maurizio
Sabioni Elia

RFX Support - Padua
Monari Demetrio
Antonelli Angelo
Apolloni Loris
Bernardi Guglielmo
De Biagi Arturo
Gadani Gianni
Malavasi Andrea
Monari Marco

RESEARCH CENTER - BRASIMONE

Cassarini Domenico
Ferretti Floriano
Campori Paola
Daroit Renata
Filotto Francesco
Gatti Gabriele
Giordano Salvatore
Panichi Saverio
Ruggeri Ivana

Prevention and Protection
Cucumazzi Romolo
Fabbri Claudio
Martinelli Roberto

Administrative Support
Cassarini Domenico (acting)

Campori Fiorella
Lancetti Sonia
Morganti Maria
Nuzzi Emanuela
Pazzaglia Alessandra
Pazzaglia Bruno
Salvi Anna
Tonelli Elisabetta
Tonelli Graziella
Tonelli Luciano

Technical Support
Corvalli Giordano
Agostini Roberto
Aldrovandi Mara
Ballerini Graziano
Barbi Giuliano
Benassi Gisberto
Benassi Marisa
Brunetti Silvano
Carpani Bruno
Cristalli Luigi
Fabbri Ludovico
Fabbri Moreno
Fabbri Stefano
Giannerini Mario
Giorgi Franco
Gomedi Mauro
Manoni Renato
Massa Mario
Muzzarelli Colomba
Nerattini Giuseppe
Neri Lido
Nucci Germano
Panichi Riccardo
Rapezzi Giuseppe
Taulli Vincenzo
Varocchi Liliana
Vitali Guido
Zagnoli Antonio
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ac
ACP

AES

Alcator

AITG

APS

ASI

BAE

BB

BTF

BPP

BWO

CD

CDA

CDE

CEA

CFC

CMR

CNR

CPC

CTS

cv
eves
CWIE

DA

DAQ

DBTT

dc

DCN

D-D

DI

alternating current
activated corrosion products

Auger electron spectroscopy

family of tokamaks developed and built at Ma:

Alfven ion-temperature-gradient

air plasma spraying

Agenzia Spaziale Italiana

P-induced Alfven eigenmode

breeding blanket

Blanket Test Facility - ENEA - Brasimone

Basic Performance Phase

backward wave oscillator

current drive

Conceptual Design Activity

Conceptual Design Evaluation

Commissariat a 1'Energie Atomique - France

carbon fiber composites

catalytic membrane reactor

Consiglio Nazionale di Ricerca - Italy

compound parabolic concentrator

collective Thomson scattering

cryostat

chemical and volume control system

cutting / welding / inspecting equipment

divertor assembly

data acquisition

ductile to brittle transition temperature

direct current

deuterium carbon nitrogen laser interferometer

deuterium-deuterium

direct ionization



dpa

DR

D-T

DTM

DRP

DTE

DTP

displacement per atom

dielectronic recombination

deuterium-tritium

double tearing mode

Divertor Refurbishment Platform - ENEA - Brasimone

Deuterium-Tritium Experiment

Divertor Test Platform - ENEA - Brasimone

EAF European Activation File

EBW electron beam welding

ECE electron cyclotron emission

ECH electron cyclotron heating

ECRH electron cyclotron resonance heating

ECN Energy Research Foundation - Petten - The Netherlands

EDA Engineering Design Activities

EDS energy dispersion spectroscopy

EFET European Fusion Engineering & Technology

EFF European Fusion File

EIT externally injected trigger

EM electromagnetic

EOS equation-of-state

EPFL Ecole Polytechnique Federate de Lausanne - Switzerland

EPM Energetic particle modes

EPP Enhanced Performance Phase

EPICA European Program for Ice Coring in Antarctica

ET event tree

FEM finite-element method

FFMEA functional failure mode and effect analysis

FMEA failure mode and effect analysis

FIMEC flat-top indentor for mechanical characterization

FNG Frascati Neutron Generator - ENEA - Frascati

FPCC Fusion Power Co-ordinating Committee

FPSS fusion power shutdown system

FSR first stability region

FSX-Princeton Feedback Stabilization Experiment - PPPL - U.S.

FTSC-P Fusion Technology Steering Committee

FTU Frascati Tokamak Upgrade - ENEA - Frascati

FW first-wall

FW/IBB first wall/inboard blanket

FWHM full width half maximum

FZ] Forschungszeuntrum - Julich - Germany

FZK Forschungszeuntrum - Karlsruhe - Germany



GDRD
GRBM

GRIP

GDT

HC

HCPB

HE

HEBT

HETS

HFTM

HHFC

HPF

HTS

HX

IBW

ICRH

ICF

id/od

IEA

IFAR

IFMIF

IFE

IFP

IHTS

INFN

IR

ITG

ITBM

ITM

JAERI

JAHT/USHT

JET

JHU

JRC

KV

KAW

KBM

KFA IPP

General Design Requirements Document
gamma-ray burst monitor

Greenland Ice Core Program

gas dynamic trap

halo current

helium-cooled pebble bed

hydrogen embrittlement

high-energy beam transport

high-efficiency thermal shield

high-flux test module

high heat flux component

high-performance Fortran

heat transfer system

heat exchanger

ion Bernstein wave

ion cyclotron resonance heating

inertial confinement fusion

inner/outer diameter

International Energy Agency

in-flight aspect ratio

International Fusion Materials Irradiation Facility

inertial fusion energy

Istituto di Fisica del Plasma - CNR

intermediate heat transfer system

Istituto Nazionale di Fisica Nucleare - Italy

infrared

ion temperature gradient

ITER test blanket module

ITER test module

Japan Atomic Energy Research Institute - Japan

Japanese and U.S. Home Teams

Joint European Torus - Culham - U.K.

Johns Hopkins University - Maryland - U.S.

Joint Research Centre - Ispra - Italy

Kapchinskij-Vladimirskij (beam distribution)

kinetic Alfven wave

kinetic ballooning mode

Forschungszentrum - Julich - Germany



LBE lattice Boltzmann equation

LCF low-cycle fatigue

LCMS last closed magnetic surface

LHCD lower hybrid current drive

LHW lower hybrid waves

LIM/OBB limiter/outboard

LLNL Lawrence Livermore National Laboratory - California - U.S.

LOCA/LOFA loss-of-coolant/loss-of-flow accident

LOVA loss of vacuum accident

LVDT linear voltage displacement transducer

MHD magnetohydrodynamic

MSGC microstrip gas chamber

ORE

ORNL

occupational radiation exposure

Oak Ridge National Laboratory - Tennessee - U.S.

PBX-M Beta Experiment-Modified at PPPL

PEP pellet-enhanced performance

PFC poloidal field coil

PHTS primary heat transfer system

PIC particle-in-cell

PID proportional integrative derivative

PIE postulated initiating event

PPPL Princeton Plasma Physics Laboratory - New Jersey - U.S.

PRS permeation reduction factor

PSI Paul Scherrer Institute - Switzerland

PVD physical vapor deposition

PWR pressurized water reactor

QMS quadrupole mass spectrometer

RAF

RAM

RH

RR

rr

RT

rf

reduced-activation ferritic (steels)

reduced-activation martensitic (steels)

remote handling

radiative recombination

repetition rate

room temperature

radiofrequency

SCK/CEN Nuclear Research Centre - Mol - Belgium

SEAFP Safety and Environmental Assessment of Fusion Power

SEM scanning electron microscopy



SM superconducting magnet

SOL scrape-off layer

SSR second stability region

SPHERA Spherical Plasma for Helicity Relaxation Assessment

START Small Tight Aspect Ratio Tokamak - Culham - U.K.

TAE toroidal Alfven eigenmode

TBR tritium breeding ratio

TEKES Technology Center - Finland

TFC toroidal field coil

TFMC toroidal field model coil

TEXTOR-94 Torus Experiment for Technology Oriented Research - Jiilich - Germany

TPD/TPR temperature-programmed desorption/reduction

TIG tungsten inert gas (welding)

TZM tungsten-zirconium-molybdenum

UHV ultrahigh vacuum

VV

VDE

VPS

vuv

vacuum vessel

vertical displacement event

vacuum plasma spraying

vacuum ultraviolet

xco
XRD

cross correlation

x-ray diffraction


