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PREFACE

This annual report describes the research activity carried out
during 1986 by the Fusion Department of the Italian Commission
for Nuclear and Alternative Energy Sources (ENEA).

The report outlines the main results obtained by the three major
projects of the Fusion Department (Fusion Physics, Frascati To-
kamak Upgrade, and Fusion Reactor Engineering), plus the divi-
sional project Inertial Confinement mentioned separately be-
cause of its particular scientific content.

Most of the research work was performed by the Fusion Depart-
ment at its location at the ENEA Frascati Energy Research
Center, but some work was also done elsewhere, or with re-
course to other ENEA departments.

The research activity described in this annual report was carried
out within the frame of the Association Euratom-ENEA on Fu-
sion, with the exception of some minor activities described in
sections 4.3.1 and 4.4.5.
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1986 ANNUAL REPORT

1. Fusion Physics

1.1 INTRODUCTION

The Fusion Physics Project is concerned with the following main activities:

• Experimentation of the high-field Frascati Tokamak (FT);

• Development of new diagnostics, also in view of the new Frascati Tokamak
Upgrade (FTU) which is under construction;

• Participation in the European Community experiment JET.

These subjects are described in the following sections.

1.2 EXPERIMENTS ON THE FRASCA Tl TOKAMAK (FT)

During 1986 the experimental program on FT was devoted to new research,
especially in the fields of confinement and thermal transport and of RF heating.

Important results obtained were

• the consistency of thermal transport coefficients obtained from energy balance
and thermal pulse diffusion measurements;

• the absence of confinement degradation during RF heating at 2.45 GHz (at the
plasma parameters of FT operation).

1.2.1 Thermal Diffusion in Ohmic Discharges

The sawtooth disruptions are due to an MHD internal instability that
flattens the temperature profile within a certain radius rs in a very short time.
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FUSION PHYSICS

Inside the radius rs the plasma is suddenly perturbed, whilst outside rs everything

remains unchanged. Later on, the perturbation propagates outside due to the

finite thermal conductivity of the plasma

The analysis of the time evolution of the temperature at radii greater than

rs allows the coefficient of electron thermal diffusion \e to be determined. Under

some limitations, the same coefficient can be obtained by a detailed energy

balance of the plasma during a steady state. The fact that these two coefficients

are the same is not trivial, and it is interesting to compare them over a large

range of plasma -parameters.

A fairly extensive experimental campaign on FT has been devoted to

measuring \ e from both the heat pulse propagation (\e
HP) a r ) d from the power

balance (\ (
 PB) This campaign covered nearly all the operation region of FT. The

temperature profiles of each series of shots are shown in Fig. 1.1 where they are

ordered according to their parameters in the Hugill-Murakami plot.

The sawtooth heat pulse propagation can be observed in a radial region

n < r < r 2 , which has been shadowed in Fig. 1.1, for each shot series. This region

corresponds in all cases to the inflection of the election temperature profile,

which is the most relevant region for energy confinement (1<q<2) .

Figure 1.2 shows a typical evolution of the temperature perturbation at

radii greather than rs during a sawtooth event. From an observation of the time

elapsed tp(r) until the heat pulse induced by the sawtooth activity reaches its

maximum, it is possible to deduce the average xeHP in the plasma region where

the temperature perturbation diffuses.This can be summarized by the expression

A(r2l
At =

a x " "

It has been applied to all the shot series discussed here using both soft x-ray (SXR)
and electron cyclotron (2 cjce) emission signals.

The electron thermal conductivity (xePB) from the power balance, assuming
a steady state, has been derived for the same shots. The electron heat diffusive
coefficient xeBPis given by

x'," = ir0 I* (r) dV/4n2rK n (rlVT (r)
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FUSION PHYSICS

where P\ is the power loss due to the thermal profile, which is obta«ned by

solving the power balance equations F:gure 1.3 gives an example of comparison

between the averaged xeHP and the radial profile of xePB i n the heat pulse

observation region ( n< r< r2 ) which is defined as

A -

1/qL

Fig. 1.1 - Radial temperature profiles of a series of discharges ordered in a Hugill-Murakami plot
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Fig. 1.2 - Time evolution at different radial positions of the
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sawtooth event
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FUSION PHYSICS

Figure 1.4 summarizes the comparison between x*HP as deduced from 2o)ce

emission and the corresponding x/B fOr all the shot series. The same has been
done for s^1"' deduced from SXR signals; it is displayed in Kig. 1.5. The
conclusion of such a comparison is that

for all the ranges of parameters considered in the ohmic heated, experimental
campaign of FT. This agreement seems even better than one could expect due to
the simplifying assumptions underlying the analysis of the heat pulse
propagation and the considerable uncertainties in the power balance.

In order to check the previous results, obtained from simple observation of
the heat pulse delay, a more complete comparison of the electron temperature
fluctuation measured by the 2o)Ce emission has been performed with a full
transport and sawtooth reconnection code that runs on the results of the power
balance (see Sec. 1.5.3). This code uses the Kadomtsev reconnection model to
simulate the sawtooth disruption. The results of the code simulations have been
compared with the experimental measurements of temperature fluctuation
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Fig. 1.6- Comparison of the electron temperature
fluctuation as determined experimentally
by the electron cyclotron emission and
theoretically by a simulation code (broken
line)

evolution by 2o>ce emission at different radii. The agreement between
measurements and calculations is quite good, both in fluctuation amplitude and
in time delay of the maximum, except for those radii which are close to the
sawtooth inversion radius (see Fig. 1.6).

This comparison confirms more clearly that the sawtooth heat pulse
diffusion is ruled by the same thermal diffusion coefficient L xe(r) which rules the
energy economy of the plasma.
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1.2.2 RF Experiments

In 1986 the 2.45 GHz lower hybrid (LH) heating experiment utilized two
waveguide grills: a 4x2 grill with the possibility of changing the relative phase
of the field; and a 2 x 2 grill with fixed phasing.

The experiments were dedicated to the following problems:

• Sawtooth behavior in LH heated discharges;

• Propagation and absorption of LH waves using the collective scattering of CO2
laser radiation.

Sawtooth behavior in LH heated discharges

Sawtooth oscillations in tokamak plasmas are considered responsible for
lowering the maximum attainable central electron temperature. During 1986 all
the major LH experiments succeeded in stabilizing the sawteeth even in the
presence of additional heating.

In FT the available power was not sufficient to fully stabilize the sawteeth

because of lack of access. In the range of power used (PRF<!:POH). an increase

of the sawtooth period reaching about a factor four at maximum coupled

power is observed with soft x-ray signals. The study of sawtooth behavior has
been performed measuring its period and the time delay at half radius of the
sawtooth heat pulse vs the launched ^-spectrum and RF-power. The
experimental parameters were BT = 60 kG toroidal magnetic field, lp = 300 kA
plasma current, and ne = 3 r 4 1CP3 cm-3 mean density. The launched
^-spectrum was similar to that shown in Fig. 1.7a.

The progressive spectrum shown in Fig. 1.7b has a strong effect on the
sawtooth period. A sawtooth period of 4 ms is obtained with the 4x2 grill
phased in a progressive wave (Fig. 1.7b) at a launched power of 160 kW, while a
3 ms period is obtained with the same grill phased to give the symmetric
spectrum (Fig. 1.7a) at a launched power of 320 kW (see Fig. 1.8). This behavior is
associated with a possible improvement of the central electrical conductivity
connected with the propagation of the progressive spectrum (Fig. 1.7b) which
transforms net momentum to the electrons.

18
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In this context a saturation of the time delay of the sawtooth heat pulse is
observed when the progressive spectrum is launched (see Fig. 1.9): the thermal
conductivity decreases in RF heated discharges in respect to that obtained with
only ohmic heating.

Such conclusions are in agreement with the results of a code which solves
the system of diffusive equations for the perturbed quantities fe andBo.

Detection of LH wave on FT using COv-laser scattering /1.1 /

The CC>2-laser collective scattering is a useful tool for investigating the
wavelength and frequency spectrum of an LH wave inside the plasma. The light
scattered by the density fluctuation driven by the wave electric field is measured
using a homodyne detection system. Due to the small scattering angle, associated
with long propagating wavelengths, the wave spatial localization is not well
defined. The scattered signal is found only for waves whose k* vector satisfies
the condition I<LH J-RLASER. i-e., the LH wavevector orthogonal to the laser
wavevector.

Figure 1.10 shows a scheme of the CO2 scattering system mounted on FT
and the main parameters regarding the geometry and the detector. A CC>2-laser
beam is focalized inside the plasma by means of a telescope consisting of two
mirrors, thus forming a beam waist of 0.16 cm, with a power of 20 W. The
scattered signal is collected on the AIL detector by means of a converging mirror.
Due to the shot-to-shot variability of the RF background (which depends on the
plasma conditions) entering the Farady cage, a chopper installed on the principal
beam was useful to monitor the signal and the RF background.

During the measurements two grills were used (A and B, 4x2, and 2x2,
respectively) with launched spectra peaked at ri|| = 5 -r 6 for the 4x2 grill and at nn

~2 for the 2x2 grill; the total power available on the plasma was approximately
200 kW. Experimental parameters were By = 8 T, lp = 280 -r 320 kA,
i ie = 0.3-r 0.7 1O14 cm-3f while the temperatures were 1.3 keV without RF and
1.6-r 1.8 keV during RF. An example of the signal taken with the chopper on is
shown in Fig. 1.11.

In general, the main characteristics and results of the measurements are as
follows:

a) We detect reliable signals at x/a = -0.15 (3 cm from the center on the high field
side) where the k-matching condition is predicted by the toroidal

20



FUSION PHYSICS

ray-tracing code whose results are shown in Fig. 1.12 : the orientation
of the k(_H-vector at the center for all r\\\ used in the experiment satisfies the
matching condition with the laser k-vector at the toroidal position where the
scattering apparatus is mounted (the 4x2 grill is mounted at 370° in the
sense of current from the apparatus, while the 2x2 grill uses the
horizontal part of the port used by the scattering). Many runs were
dedicated to detecting signals at the position x/a =0.8 (where the ray
tracing code indicates that the wave is not present at the toroidal position
of the scattering apparatus) but no reliable signal was found.

b) The wave k-spectrum (k, = 40-r80cm-i) detected at x/a =0.15 (Fig. 1.13)
when the launched spectrum is peaked (with consistent power fraction) at
high n(|( = 6-r7) indicates that the high-nu part of the launched spectrum is
strongly damped in the scattering volume.

H. P. SPECTRUM
ANALYZER

600 cm

\
EDINBURGH PL4

Fig. 1.10- Schematic drawing of CO2 scattering system.Apparatus figures: k^-vector range
30*500 cm-1; k^-resolution Akx = 20 cm -1; receiver bandwidth 2100*2500
MHz; NEP3.5x1(H9W/Hz
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Fig. 1.11 - Signal taken with the chopper on,
at a k = 60 cm-1; A and B phases are
(n,(2/3)n,(ii/3l,O) and (0,n)
respectively; the vertical scale is 50
mV/div., while the horizontal one is
100 ms/div., integration time 3 ms:
the upper trace is the 5X-expanded
part of the lower trace
corresponding to the RF pulse. The
latter trace exhibits the modulation
on the scattered signal due to the
chopper acting on the principal
beam

Fig. 1.12 - Radial areas where it is possible
to find waves with a correct
k-matching: a) wave position
and k|_H orientation for the
waves launched by the A-grill;
symbols: the arrow is for the
k|.H<' r>|>0 and density of
4x1013 cm-3; b) wave position
and kLH (the arrow) orientation
for waves launched by the
B-grill. nj positive and negative
are reported, and density is
6x10" cm-3

c) The signal shows a strong density dependence and its temporal pattern
follows the density ramping throughout the RF pulse.

d) The signal is very sensitive to the MHD activity.

1.2.3 Impurity Injection by Laser Blow-off

Tokamak plasmas are always contaminated by so called intrinsic impurities
which are extracted from the walls through a number of interactions strongly
dependent on the plasma edge characteristics. Even if the impurity line radiation
may often be easily detectable, the spectroscopist is generally not able to fully
describe the impurity behavior because of the complexity of the source. It is
helpful, in this regard, to have a source of small amounts of impurities which can
be activated in a short, well-defined time interval. If this time interval is small
compared to the typical plasma transport time-scales, it will be possible to follow

22
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Fig. 1.13- The values of n vs k^and nj; the grill
phases and power are 4>(A) = (0,n,0,n).
4>(B) = (0,n), and PA = 126 kW; P8 = 100
kW. The measurements are taken at
100 ms from the RF start

the particle transport in the plasma by observing the time evolution of the

radiation emitted as a function of plasma radius.

The injector

A particle injector of metal impurities was developed in the FT spectroscopy

group using the laser blow-off technique. The light from a 0.5 J, Q-switched

Nd-Yag laser is focused onto a metal deposition on a glass substrate. The

heat pulse of the laser light produces the vaporization of the material and its

particles are emitted preferentially in the direction perpendicular to the target.

The thickness of the deposition and the energy density of the light spot on the

23
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Fig. 1.14- Injector of metal impurities based on the laser blow-off
technique

target are best chosen when the neutral particle production is maximized against
the release of charged particles and clusters. In fact the latter would have
unknown dimensions and velocities and an unpredictable behavior in the
plasma; on the other hand, the high magnetic field in the target-plasma region
would deflect charged particles before they reach the plasma. Laboratory
measurements with a fast response mass spectrometer for neutral detection and
charge collector plates led to an assessment of an optimum energy density of 5
J/cm2, corresponding to a 3 mm spot size, on 2 jim thick depositions. The neutral
velocity was typically 4x105 cm/s, while 0.5<At<1 ms was obtained for the
duration of the pulse. The estimated number of particles produced is about 1018
which, given the available solid angle on FT, is suitable for the purpose.

Preliminary results on FT

The installation of the injector on FT is shown in Fig. 1.14. As a first
approach to a more detailed experimental program for studying impurity

24
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transport, a number of different materials was injected in order to identify
spectroscopic lines and verify that perturbation of the discharge could be kept
low enough The materials injected were Al. Ni, Cr, Ag, Cd with atomic numbers
ranging between Z = 13 and 2 = 49 Figure 1.15 describes the variation of some
plasma signals due to the injection and indicates that the perturbation on the
macroscopic plasma parameters is small. In Fig. 1.16 a vacuum UV spectrum after

Volt

I I I I I T I I I

500 1000
TIME (ms)

16x1013

cm-3

i l l l l l l l
500 1000

TIME(ms)

20

10

I I I i I I I I I
0 500 1000

TIME (ms)

Fig. 1.15- Variation of some plasma parameters
after injection of metal impurities of 6
ms
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an aluminum injection is superimposed on a spectrum taken immediately before,

the Al lines from different tomzation states can be clearly observed figure 1.17

shows the soft x ray emission seen along a central and a peripheral chord of the

plasma. Assuming the different decay times of these signals as an estimate of the

impurity confinement time, one can derive, by the observation of several chords,

the value of i p as a function of radius. An example of this is illustrated in Fig. 1.18.

1.2.4 Study of Triton Confinement in FT

The confinement of charged fusion reaction products is a requirement to
reach ignition conditions in a fusion reactor. The level of confinement achieved
in present experiments can be determined by measuring the triton burn-up in
deuterium discharges. The 1.01 MeV tritons are produced in deuterium
discharges by the D(d,p)T reaction , with approximately the same probability as
the D(D,n)3He reaction which generates the 2.45 MeV neutrons. A fraction of
these tritons may undergo the D(T,n)3He reaction producing the 14.1 MeV
neutrons.The ratio of the fluxes of 14.1 to 2.45 MeV neutrons depends on the
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Z
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Fig. 1.16 - UV spectrum after injection of aluminum impurities
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confinement of the fast tritons slowing down from 1 01 MeV to thermal energy

and on the D(T,n)3He reaction probability

During the ohmic campaign performed on FT in the first half of 1986,

measurements of the 14 1 MeV neutrons were made to determine the tnton

burn up in the deuterium plasmas The 2.45 MeV neutron emission has been

measured by calibrated BF3 chambers, the 14.1 MeV neutron emission by the

activation of copper samples The reaction 63Cu(n,2n)6^Cu has been used for its

high energy threshold (10.9 MeV) and fairly high cross section (0.44 barns at 14

MeV), which allows, by using samples of about 500 g, measurements on a single

FT discharge. The 62Cu decays i n t o ^ N i with a half-life of 973 min by emitting a

<o _

O -

0 • 400 800 1200 1600 2000

TIME (ms)

Fig. 1.17- Soft x-ray emission after aluminum
impurities

-40 40 80 100

R(cm)

Fig. 1.18- Local impurity confinement time
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[J • , the subsequent 511 keV gamma rays are measured by a HPGe-spectrometer.
Activation of64Cu by epithermal neutrons, also presenting emission of p + but
w/th a different half life of 12 71 hours, is taken into account and subtracted

The local neutron fluence at the copper sample position, necessary to
obtain the total number of 14.1 MeV neutrons from the number of neutrons
incident to the sample, is computed by the 3-D Monte Carlo neutron and photon
transport code (MCNP) in toroidal geometry.

The copper samples are located 3 cm behind the limiter radius. After each
discharge they are extracted and transported to the counting station, where the
gammas coming from the decay of the activated copper are detected by
HPGe-spectrometer. Measurements have been performed for more than 120 FT
discharges, although those considered reliable after a selection were only about
50.

The ratios of 14.1 MeV to 2.45 MeV neutrons have been measured rn a
deuterium plasma for current values ranging from 300 kA to 550 kA, peak plasma
electron temperature from 0.8 to 1.6 keV, peak electron density from 0.7 to 2.4
x lO1^ cm-3, and for toroidal magnetic fields of 60 and 80 kG. Figure 1.19 shows
th •> measured values of these ratios, plotted vs 1/qi_, where qL is the safety factor
at the limiter. Each point represents integration over a single discharge.
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Fig. 1.19 - Ratio of 14 to 2.5 MeV neutrons plotted
as a function of the inverse safety
factor
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An attempt has been made to compare the experimental values with
the theoretical ones calculated on the basis of a simplified model. The ratio R of
the (D,T) to the (D,D) neutrons can be expressed in terms of a factor of
confinement F, and of a probability P for the (D,T) fusion reaction for a slowing
down triton, i.e.,

R = FxP

The fraction of confined tritons, net of the prompt losses, as a function of the
plasma current lp and qi_ has been assumed for F, and P is the probability of
reaction for confined tritons as a function of the central electron temperature Te

in a homogeneous plasma. Figure 1.20 shows a comparison between
experimental and calculated values of the ratios: the error bars take into account
only the counting statistics, while the systematic errors can strongly affect the
absolute values of measured ratios by a factor of up to about two (see dashed
line). It can be seen that the general trend is in agreement with the model, but it
appears that further factors influencing the neutron ratios may be present
having the effect of reducing them by a factor of up to about two.

1.2.5 Density Feedback on FT

Density control with a feedback loop has been achieved successfully on the
FT machine, despite the unfavorable ratio of plasma duration to gas feed delay.

The development of a special piezoelectric gas inlet valve allows a
high flux of 65Torrl/s in D2 leading to a dne/dt of up to 3x 10.15 cm-3s-i.

The delay of 40 ms between valve opening and density rise has been halved
forcing the gas to flow inside a thin tube (4 mm inner diameter) ending near the
plasma edge. During the plasma shot a real-time density signal (taken from the IR
interferometer) is continuously compared with a preset waveform. The
difference between these values, amplified and converted into a pulse train,
drives the gas inlet valve until the desired density is reached. The overall
response time of the system is about 50 ms.

Typical density spread over many repetitive discharges is ± 6 -r 7% up to
ne = 1.1014 cm-3, and ±3-5-4% for higher densities. This performance could be
considerably improved by shaping the gas guiding tube. Changes of recycling due
to different wall conditions do not affect the system accuracy at all
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Fig. 1.21- Density evolution for four different
discharges
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Most of the plasma discharges of the 1986 ohmic campaign were obtained
with the help of the density feedback. In Fig. 1.21 an example of density signals
for four repetitive discharges is shown.

1.3 THE 8 GHz RF EXPERIMENTS

During 1986 the components of the 8 GHz, 0.5 MW system for FT (described
in the 1985 Progress Report), were built, tested, and assembled. There was a
delay of several months due to technological problems with the construction of
the grill, which were associated with the transfer to industry of processes
developed in the laboratory.

Figure 1.22 shows the system layout in the FT hall. Figure 1.23 shows the

Fig. 1.22 - The 8 GHz experiment in the FT hall
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grill structure consisting of 4x4 waveguides with ceramic windows brazed at
about 15 cm from the mouth. The whole system will be commissioned at the
beginning of 1987.

1.4 DIAGNOSTICS

1.4.1 A New Instrument for Electron Cyclotron (EC) Emission
Measurements

The measurement of blackbody radiation emission at the second harmonic
of EC frequency (v~450GHz) yields the electron temperature profile.The spatial
resolution depends on collection optics and spectral resolution: line-broadening

Fig. 1.23- Grill structure of the 4x4 waveguides of the 8
GHz experiment
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is dominated by the spatial variation of the toroidal magnetic field, and the
number of resolved spectral elements corresponds to the number of independent
experimental points on the spatial profile.

The choice of Fourier transform spectroscopy for such measurements offers
at least two unique advantages:

• A univocal distinction between the second and higher harmonics;

• The possibility of performing an absolute calibration of the experimental
apparatus.

Time resolution in Fourier spectroscopy depends on the time required to scan the
second order correlation function of the radiation: this is accomplished by
mechanically scanning the path difference in a Michelson interferometer. The

* - —

^ —

^ ^ \ 2 cm

\

m

Fig. 1.24- The rotating reflector
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required excursion of the moving mirror is 2 cm, currently employed scanning
systems take 15 ms for a complete scan and have a sinusoidal position vs time law.

Medium size tokamaks like FT or FTU show very interesting changes in
temperature profile (the sawtooth oscillation) with a typical time scale of 5 ms. In
order to resolve times shorter than this, a novel scanning system was developed
based on a rotating screw-shaped reflector (Fig. 1.24) which allows high scanning
speed and gives a linear position-time law. The main parameters of the
prototype, which is presently under test ,are outer radius 10 cm, radial extent of
the reflecting area 1.5 cm, and total pitch 8 cm.

Several tests have been performed at a maximum speed of 7500 rpm
corresponding to 2 ms time resolution. The spectral resolution has been checked
by measuring the width of water vapor absorption lines. The throughput
efficiency has been measured by a 77.3 K blackbody reference source, and a
relative calibration curve has been obtained (Fig.1. 25).

1.4.2. Soft X-Ray Tomography

Soft x-ray emission can give information about many plasma phenomena
occurring in a tokamak, such as those related to MHD behavior, magnetic
surfaces, transport etc. It is possible to measure line integrals of emission. If the
number of the line integrals is large enough, and the distribution is proper,

12x10-8

Fig. 1.25-

400 800 1200

FREQUENCY (GHz)

Relative calibration curve: the ordinate gives
the throughput efficiency times the etendue
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Fig. 1.26 - Soft x-ray tomography apparatus. Mechanical structure (dimensions: mm)
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Fig. 1.27- Soft x-ray tomography apparatus. Chordal viewing geometry

computerized tomography techniques can be used in order to obtain good
knowledge of local emission.

For this purpose, a soft x-ray tomography apparatus has been studied and
designed. This experiment, to be used on FT, will serve as a test to prepare a
similar one for FTU. The mechanical structure of the apparatus is shown in
Fig. 1.26. In a poloidal plane, the plasma is observed through a vertical upper
port. A set of five vertical guides supports five little bars b1,b2,b3(b4,b5.
Detector arrays will be fixed on these bars. At the top of the structure there is a
vacuum flange with five feedthroughs for the signals. Each detector array
consists of eight silicon photodiodes looking at the plasma through a pinhole,
and there are five pinholes distributed along an arc around the plasma. For each
pinhole, there are eight viewing chords crossing the plasma section in the
poloidal plane. The viewing chords are shown in Fig. 1.27 where are the the red
circle is the contour of the plasma section supposed circular.
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The positions of the detectors and the pinholes are separately adjustable in

order to have the required position of the viewing chords as precise as possible.

An accurate knowledge of the chordal viewing geometry is very important for

the reconstruction of the local emission functions.

From each detector, after electronic processing, the signals will be acquired

and stored by the data acquisition system of FT. At this point, a program using

tomographic techniques wil l reconstitute the local emission funct ion. The

electronic signal processing channel and the tomography program are still under

study. Principal requirements for the electronics are very low noise, very low

input signal, wide input range, and relatively wide bandwidth.

As reqards the reconstruction of the local emission function, it wil l

be necessary to assume some hypotheses about the plasma and to accept

limitations about the possible results because of limitations on the number and

distribution of the viewing chords. Special efforts will be made to minimize these

restraints.

1.4.3 Neutral Particle Analyzer Development

One of the most widely used methods to measure the ion temperature
consists in analyzing the energy spectrum of the fast neutrals emitted from the
plasma. With the same technique much further information about the ions in
auxiliary heated plasmas can be obtained.

Unfortunately, neutron-induced noise is a serious problem for the analyzers
operating in present-day large machines like JET and TFTR. The subtraction of
such a noise, measured for example by a dummy detector, though adequate at
the present level of neutron yield, will not be possible in the active phase when
the induced noise will exceed the neutral signal by an order of magnitude or
more . The use of massive shields is often difficult due to lack of space and their
efficiency is doubtful because the analyzer must be vacuum-connected to the
torus. In order to have an analyzer capable of operating in the presence of a high
neutron background, a detection system based on the time-of-flight principle is
currently under study. This detector is able to analyze in mass an ion beam
previously momentum analyzed by a magnet, and, at the same time, can reject
the spurious background counts due to the lack of coincidence at the expected
delay. The expected rejection rate is about 103.
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1.4.4 Neutron Diagnostics

In the frame of a two-year (1985/86) contract, an analysis and preliminary
design of neutron diagnostics for NET have been completed. This contract deals
with plasma diagnostics and blanket diagnostics.

Plasma diagnostics

The aim of this study was to assess the possibilities of determining plasma
parameters using the fusion neutron emission from the D-T plasma of NET.
Calculations, carried out to predict D-D and D-T neutron spectra in the presence
of intense deuteron beams point out the difficulties in interpretating such
spectra and, consequently, in determining the correlated information on the
plasma parameters (especially on the ion temperature).

The 14 MeV neutron spectrometer design consists of a proton recoil
spectrometer with a position sensitive gas proportional gas chamber with an
energy resolution of 1%. An ad hoc neutron collimation system, which is an

Fig. 1.28- Schematic view nf a NET toroidal segment
containing the front part of the multicollimator
in an auxiliary heating port
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essential part of the neutron spectrometer, has been designed using the Monte
Carlo neutron and photon transport code (MCNP). The feasibility of a neutron
emissivity profile monitor has been investigated. A preliminary conceptual
project of a neutron multicollimator has been designed to measure the total
fusion power and the spatial distribution of neutron emissivity. With this
diagnostic tool, an accuracy of 10% in measuring the total fusion power for
different emission profile is possible (Figs 1.28 and 1.29).

lilankel diagnostics

Preliminary design and specification criteria have been defined for
activation samples and miniature fission counters to be located in the blanket
componet of the NET device. The particularly severe environmental conditions
and constraints (high fluxes, high temperatures, magnetic field) of the blanket
structure have been taken into account. For irradiation within a single discharge,
activation foil sets have been proposed to measure broad-range, time integrated
local spectra. A preliminary of a miniature fission counter has been designed for
performing measurements of the high neutron fluxes.

Fig. 1.29- Comparison between theoretical
emissivity distribution (continuous
curve) and distribution calculated by
Abel inversion f rom expected
experimental data (brocken step curve)
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1.4.5 Diagnostics for FTU

One of the main differences of the FTU device with respect to FT is the large
number of accesses. On one hand, this permits the injection of large RF power for
plasma heating (8 MW of 8 GHz LHRF + 1.2 MW of 140 GHz ECRF), and, on the
other hand, allows a complete set of diagnostic systems for measuring the plasma
characteristics. Including the limiter section, there are six complete T ports, six
horizontal ports, plus 12 vertical passing holes. In addition, four small accesses at
-20° with respect to radial direction can also be used to probe the plasma.

Since FTU is a high magnetic field compact tokamak, the area of each port is
relatively small and far away from the plasma. This is related to the cryostat that
has to insulate the machine, working at liquid nitrogen temperature. The small
solid angles available imply an accurate choice and positioning of most
diagnostics to reduce the signal to noise ratio and consequently to improve the
accuracy of the measurements. Moreover, since a large neutron flux is expected
when the working gas is deuterium and substantial additional heating is applied,
the tokamak hall will not be easily accessible. In addition, the large neutron flux
can disturb the detectors and the connected electronics. It has therefore been
decided to place, whenever possible, all diagnostic systems outside the main
neutron shield (the concrete walls of the tokamak hall) and to remote control all
the components required, such as positioning and steering optics, slits and
scanning systems.

Table 1.1 gives a short description of all the standard diagnostics to be
implemented in the first phase of FTU operation. Figure 1.30 shows the
distribution of the diagnostics on FTU.

Development work is in progress to implement further diagnostic systems in
order to address the particular measurements needed to improve the
understanding of the physical processes occurring in a tokamak plasma.Thiswork
concerns

• microwave reflectometry for an accurate measurement of density profile at
the plasma edge and density fluctuation spectra;

• polarimetry to obtain information on current density profile;

• fluorescent scattering to measure neutral D2 and impurity concentrations and
fluxes;
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Electrical
measurements

Interferometry

Thomson
. scattering

PHA ( x-ray pulse
height analyzer)

ECE (electron cy-
clotron emission)

NPA (neutral
particle analyzer)

Neutron yield

X-ray crystal
spectrometer

McPherson UV
spectroscopy

Soft x-ray diodes

Hu monitors and
Hu arrays

Visible
Bremsstrahlung
array

CO2 C W laser
scattering

Langmuir probes

Bolometer array

Limiter thermo-
graphy

RF probes

Radiometry

Blow-off

FUSION PHYSICS

Tablei 1 - Standard diagnostics for FTU

PHYSICAL QUANTITIES

lp,VI, MHD modes, plasma
position, diamagnetism,
hit,h frequency oscillations

ne(r,0

n,.(r.t), Te(r.t)

Te(r,t), Zl>tf

Te(r,t), Te(t), suprathermal
electrons, sawtooth oscilla-
tions

T,(t)

T,0(t)

T,(t), impurity concentration

n2(t), impurity concentration
and distribution, 2e>f

Sawtooth oscillations, MHD
mode tomography

recycling

Zeff(r), ne(r)

ne(z,t)

Scrape-off Te and ne

Pfad(M)

Power load on limiter

PDI, RF pump broadening

Plasma emission at
frequency <iop.

Impurity injection

NOTES

These are an integral part of
the machine Posit ioning
during machine assembly

S-channel DCN laser
(194 pm) interferometer

Nd laser
10 pulses for 1 second

High t ime resolut ion
Michelson (1 ms) and Fabry-
Perot (us) inteferometers

The system can be scanned
to reconstruct ion tem-
perature profile shot-by-shot

By Doppler broadening of
impurity times

Single chord, mul t i - l ine
detection

Reconstruction of soft x-ray
emission

Toroidal and poloidal asym-
metry on particle sources

Impurity confinement time;
influence on energy trans-
port and plasma profiles
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GAS PUFFING
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Fig. 1.30 - Standard diagnostics systems around the FTU machine
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• active neutral beam diagnostics for improving ion temperature measure-

ments;

• collective scattering for space resolved ion temperature;

• neutron collimator;

• a sample transfer and irradiation system for plasma wall interaction studies.

1.4.6 FIR Interferometer for FTU

A five-channel FIR interferometer operating at the far infrared
wavelength of 194 \im for electron density measurement on FTU is planned. The
choice of the wavelength depends on the plasma density. Since FTU is planned to
operate up to n~6x10i4 cm-3, the use of about 200 pm is necessary. At greater
wavelengths, refraction is a limiting problem, and at smaller ones, the sensitivity
decreases.

The source is a DCN molecular laser that has become a routine tool on
several tokamaks. It consists of a 2.6 m long discharge tube enclosed in an optical
cavity where a mixture of nitrogen and deuterated methane flows. The inversion
of population is achieved during the chemical formation of the radical DNC from
CN . The laser has an output power of about 200 mW at 195.4 pm and will be
supplied by CEA (Commissariat Energy Atomique).

The interferometer is a large structure surrounding the FTU torus.
This frame contains about one hundred optical parts and a high degree
of mechanical stability is required. The beam from the laser is divided into
probing beams and reference beams. The probing beams, after crossing the
plasma, are recombined with the reference beams. The interference degree of
the recombined beams is related to the line density. The frequency of the
reference beams is shifted by a rotating cylindrical grating so that the
measurement of interference is performed by phase rather than amplitude
measurement.

The output beam from the interferometer reaches the detector located
outside the FTU hall by a glass tube waveguide. The optical elements must be
remotely adjusted because it is difficult to reach them for manual operation due
to the complexity of the system. The detectors are of the indium antimonide
type, operating at a temperature of 4 K and built at the Frascati laboratory. The
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density measurement gives fundamental information and must be operative for
every plasma cycle. It is planned to install two lasers to avoid down times due to
routine maintenance or repairs.

It is foreseen that the interferometer will later operate also as a polarimeter
in order to measure the distribution of current density in the plasma.

1.4.7 Real Time Processing of Magnetic Data for Feedback Control

A suitable system of magnetic probes will measure the horizontal position
of the plasma column in FTU and any deviation from the preprogramed position
will be feedback controlled by an active circuit. The basic scheme of the plasma
position feedback loop is indicated in Fig. 1.31.

It is possible to show that many physical quantities are expressible by a
linear combination of the toroidal multipoles, and two different magnetic probe
sets have been built to get the multipolar expansion: a traditional set of sixteen
saddle loops which measure the flux function, and a set of sixteen coils which
measure the poloidal field B . Both sets are repeated four times around the
torus. Four diamagnetic loops have been built, together with six sets of special
coils, which measure directly the sin and cos components of the multipolar
moments, m = 1,2,3.

PRE PRO-
GRAMMED

VALUES
<

Hh

D
A

)

DIGITAL

PROCESSOR

A
D
C

POWER

SUPPLY

FTU

Fig. 1.31 - Scheme of the plasma position feedback loop
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The horizontal position signal, used to control the power supply of

the active coil circuit, is the result of an on-line elaboration of the signals

coming from all these probes. The loop should react with a time constant

of about 1 ms in spite of the large amount of input signals and calculations.

To meet these requirements, a dedicated data acquisition system has

been designed, and a fixed-point digital signal processor for high-speed

integer data processing has been selected, the SKY320-Q. The basis for the

SKY320-Q computational power is the TMS32010 signal processing chip produced

by Texas Instruments. The SKY320-Q is designed for use on a Q-bus interface, and

the user is provided with support software compatible with most DEC operating

systems.

The key features of the SKY320-Q are the TMS32010 and the multi-ported

data memory. The four main blocks of logic on the SKY320-Q are

• Q-bus interface;

• multi-port data memory;

• auxiliary input/output ports;

• TMS32010 and associated logic.

Fixed point, real time perfomance is built around the 200 ns per instruction

processing capability of the TMS32010. 1 ne architecture of the SKY320-Q allows

maximum use of that speed and provides users with auxiliary I/O ports that

support a throughput of up to 10 Mbyte per second.

In the final scheme, five SKY processors are planned to be located on the

Q-bus of a host microVax B23 (see Fig. 1.32). The first two SKY processors use two

independent sets of probe signals to calculate the multipolar moments of the

plasma columns. The calculated moments are the input (through the host Q-bus)

for the third SKY processor where the horizontal position value is elaborated and

converted into the analog signal which becomes part of the feedback loop. The

last two SKY processors are to be used to obtain sophisticated on-l ine

information on the plasma status, such as the separate values of Pp_ I, and the

resistive loop voltage at the edge of the plasma.

45



FUSION PHYSICS

1.5 PLASMA THEORY

1.5.1 Microinstabilities and Anomalous Transport

It is common opinion that the anomalous thermal transport observed in
tokamaks is due to the effect of small scale instabilities. Nevertheless, a direct
comparison between the predictions of the theory and the experimental results
is not possible, at present, because first principal derivations of the turbulent
diffusion coefficients are not yet available. Therefore, the most realistic approach
consists in deriving model diffusion coefficients by using the predictions of the
linear theory of the fluctuations concerned.
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Fig. 1.32 - Scheme of the data-processing system
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A preliminary investigation of the impact of semicollisional electrostatic
instabilities (namely, the dissipative trapped electron mode and the toroidal
ili-mode) on the electron and ion energy transport, carried out in collaboration
with the Theory Division of the Princeton Plasma Physics Laboratory, has shown
that most of the experimentally observed trends of the energy confinement time
can indeed be reproduced by microinstability based models {Fig. 1.33).

Moreover, some attempt has been successfully made to correlate the
improvement of the energy confinement time, sometimes observed during LH
heating, to the modification of the diffusion coefficients due to the change in
the electron distribution function induced by the RF field. However, especially at
the edge of a discharge, mechanisms other than semicollisional electrostatic
modes must be involved, as, e.g., resistive electrostatic instabilities. A satisfactory
description of the transport mechanisms operating in the edge region is relevant
especially in view of a possible explanation of the strong confinement
improvement observed in the transition between the so called Land H modes.
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Fig. 1.33- Global energy confinement time vs line
average density. The block points are the
experimental results, the open circles are
predictions of a microinstability based
transport model. The Neo-Alcator scaling
is also shown
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A comprehensive study of the resistive electrostatic modes has been carried

out in collaboration with Princeton. In particular the effect of an inverted Zeff

gradient on the so-called rippling mode has been taken into account. On the

whole, the resistive electrostatic instabilities seem to be important at the very

edge of a discharge because the stabilizing effect of the parallel thermal

conduction is very small there (Fig. 1.34).

Such investigations are also of interest for other confinement systems as,

e.g., the reversed field pinch. In the latter type of device the large value of the

streaming parameter suggests that current driven modes could play a role, and

indeed a preliminary study based on scaling arguments has shown that the trends

in confinement observed in reversed field pinches are well correlated with the

properties of current driven drift waves. Therefore, previous stability analyses of

model slab equilibria against current driven modes have been generalized in

order to take into account f inite {5 effects. Such effects are related to the

existence of magnetic fluctuations, the latter being eventually responsible for

the distruct ion of f lux surfaces and the related enhancement of the

perpendicular transport.

1.5.2 Lower Hybrid Heating and Current Drive

Experiments of additional heating and current generation have been
performed on FT and are planned on FTU at a frequency of 8 GHz. Theoretical
work has been devoted to this subject for explaining the experimental results. A
powerful tool for the theoretical investigation of lower hybrid (LH) wave
propagation and absorption by the plasma is the solution of the WKBJ ray
equations. Numerical and analytical techniques have been used to this end.

A numerical code solving the set of coupled ray equations has been
developed for studying effects of the LH wave on magnetic island stabilization;
local absorption of the radio frequency near or inside the magnetic island (m = 1,
m = 2) is expected to stop the growth of the instability. The effects of the m = 1
magnetic island topology are shown in Fig. 1.35 where a plot is given of the
WKBJ relative electric field |E| as a function of the ray trajectory. It is possible to
see the sharp amplification of the field due to the coupled effect of the focussing
of the bundle of rays and of the presence of the island. In Fig. 1.36 meridian
propagation of a ray is shown, together with the location of the magnetic island
m = 1.
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-0.3 -0.2 -o.i

Fig. 1.36- Radial location of the magnetic island
m = 1, with a typical ray trajectory
superimposed (a: plasma radius)

An analytical integration of the ray equations using matched asymptotic
expansion has also been performed, in particular for studying the field
amplification near the caustics.

Attention has also been devoted to studying the absorption of the LH waves
during the propagation. A numerical code which calculates the energy
deposition profile, the current density generated, and the energy dissipated in
generating the current has been developed.

Figure. 1.37 shows the profile of the power absorption by the electrons as a
function of the radius, while Fig. 1.38 illustrates, for the same plasma parameters,
the residual power and the integrated absorption vs radius. The main results
obtained with this code are the definition of the absorption area of the plasma
and of the species involved in the absorption. Useful indications on the density
limit can be deduced by using this analysis.

The observation of the parametric decay instability as an undesirable effect
which can prevent the deposition of the LH power into the plasma has prompted
the theoretical investigation of such a nonlinear phenomenon. A numerical code
solving the parametric dispersion relation in the complex plane has been
developed to this end. The threshold and growth rate of the instability can be
deduced. A good agreement between the experimental data and the numerical
calculations has been found.
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1.5.3 Sawtooth Activity

Sawtooth activity has been observed in FT ohmic discharges with low values
of the safety factor at the edge qi. for a large variety of operating regimes. The
Kadomtsev model for sawtooth activity predicts the generation of perturbations
of electron temperature fe and poloidal magnetic field Bo in the central region
of ti<e plasma, when the safety factor q in the center falls below unity. The
sawtooth activity has been modelled numerically distinguishing a slow rising
phase described by two coupled nonlinear diffusive equations for Te and Bo, and
a disruptive phase described by the Kadomtsev prescription for profile
rearrangement. The simulation of the heat pulses generated in the disruptive
phase and diffusing toward the edge is in very good agreement with the
amplitude and time delay of the pulses observed experimentally at different
radii. Moreover the code has shown that the electron thermal diffusion
coefficient as deduced from the power balance of the discharge is consistent with
the pulse propagation in all the regimes of operation considered (see also Sec.
1.2.1).

The coupling between §o and fe in the internal region of the discharge
(where the Kadomtsev reconnection takes place) results in values of q in the
center close to unity and a nonmonotonic radial profile with an off-axis
minimum (Fig. 1.39). At a certain time t < tR (TR is the sawtooth repetition time),
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q falls below unity off-axis, exhibiting two q = 1 resonance surfaces, the external

one almost fixed in space and the internal one moving toward the center. The

time at which q in the center falls below unity is very close to the experimental XR.

Such phenomenology is supported experimentally by the appearance, before the

disruption, of an m = 1 MHD activity first localized around the external resonance

radius and then involving the whole central region of the plasma column.

To get a better understanding of the dependence of XR on the two

characteristic times of the diffusive equations (the electron thermal diffusive

time xx and the resistive diffusive time x0), the coupled equations for f e and B<j

have been solved analytically under certain simplifications, on the basis of the

results obtained from the complete numerical solution. From the assumption

q(r = O, t = XR) = 1, a scaling law for XR has been obtained. For ohmicaily heated

discharges, with small sawtooth amplitudes, the fol lowing scaling has been

found: IR ~ i x ~ 1/x (where x is the electron thermal diffusion coefficient in the

central part of the plasma column).

1.5.4 Engineering-Related Issues

In the last few years there has been increasing awareness that, on the road

to a tokamak reactor, some intermediate goals (notably, the reaching of ignition

conditions in a deuterium-tritium plasma) could be attained at a substantial

saving if a more determined effort were put into the designing of high-field

0.9

0.1
r(m)

Fig. 1.39- Typical q(r,t) profile in the sawtoothing region for different times during a
sawtooth period xR: t0 * 0 (just after the disruption); ti * xR/4; t2 * xR/2; t3 • 3xR/4;
t4 = XR (just before the disruption). The minor radius of the discharge is a * 0.2 m
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toroidal magnets for low-aspect-ratio tokamaks. In line with such a trend, new

engineering concepts have been conceived and investigated theoretically

concerning compact high-field toroidal magnets for ohmic ignition experiments.

One such concept developed in the past years, which called upon an external

press to help support the magnetic pressure loads, has been granted

consideration in experimental proposals such as CIT and IGNITEX.

An alternative concept, developed more recently, would seem to allow the

generation of equally large magnetic fields without the need of a press (see

Fig. 1.40).Such performance is obtained by tilting the winding turns by a proper

amount off the meridian plane, which results in the following favorable effects:

i) a toroidal magnetic field and a poloidal magnetic field are simultaneously

generated, whose pressure loads on the inner part of the magnet - for an

appropriate value of the local ti lt angle - can be made to balance out each other

exactly, thus doing away with centripetal forces; ii) the segment of each winding

turn, which belongs to the inner part of the magnet, acquires the shape of a

helicoid, thus becoming endowed with spring-like properties with respect to

displacements in the vertical direction, which enables it to adjust to any

deformation (under load) of the external support structure of the magnet

without having the conducting material exceed the critical strain; iii) due to the

substantial lack of centripetal forces, any mechanical wedging of the turns

against each other can be dispensed of, which allows (if desired) the f i t t ing of

appropriately sized channels between adjacent turns for cooling purposes; iv)

while the current in the magnet is rising from zero to the nominal value, the

associated variation of the poloidal flux can be exploited to drive the bulk of the

required toroidal current in the experimental plasma (at least with reference to

tokamak-type plasma configurations).

The magnet design under concern appears to lend itself to applications in

fields other than fusion research, with the most valuable asset in this respect

being provided by the poloidal component of the magnetic field, which is easily

accessible, and more intense, seemingly, than it is conventionally possible to

generate under quasi-stationary conditions.

1.6 PARTICIPATION IN JET

During 1986 the two diagnostic systems built and installed by the Frascati

team were fully operational and during all the experimental runs provided

information on ion temperature, rotation velocity, and ion energy spectra
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Fig. 1.40- Tilted winding coil for compact high-field toroidal magnet.
The figure shows two axonometric projections, with
respectively nearly horizontal, a), and nearly vertical, b),
lines of view, of an elementary period of the winding
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during additional heating. A new task agreement was initiated concerning a

broad range of neutron measurements. A first topic of study was the analysis of

tnton confinement on JET. Finally the basis fora more regular collaboration with

JET on the theory of anomalous transport was established.

1.6.1 High Resolution X -Ray Spectroscopy

A high resolution x-ray bent crystal spectrometer was set in operation at JET

by the ENEA staff during the month of February. This diagnostic apparatus had

previously been designed and built by the Frascati Association. It was installed

and commissioned at JET during the second half of 1985 and is intended to be

operative also during the planned JET active phase.

Through the observation of the emission spectra of highly ionized atoms,

this polychromator allows the measurement of the ion temperature and the

toroidal rotation velocity of the central region of the discharge from the Doppler

broadening and shift of the most prominent features in these spectra. The

measurements (see Fig. 1.41) were routinely performed during the whole period

of 1986 and, also in relation to the results of other diagnostics, exhibited a new

phenomenology in cases of wall-locking of MHD modes.

The spectra used for these measurements (see Fig. 1.42) include the H-like

and He-like nickel resonance lines and their dielectronic satellites. They have an

intrinsic fundamental physics interest, and a simulation study of these spectra is

in progress.

1.6.2 Neutral Particle Analyzer System

Early in 1986 the fifth neutral particle analyzer (NPA) of the system built

by the Frascati team was put into operation. It gives information about

the peripheral regions on the plasma column for discharges with elongation

values greater than 1.4. A numerical device was also setup that allows the ion

temperature profile to be inferred from the signals of the various analyzers in the

system mentioned for ohmic and RF heated discharges.

For discharges with auxiliary heating by neutral beam injection, a study has

been started on the possibility of getting information from the same signals

about the density profiles of the fast ions in the plasma originating from the

beams, and, from a comparison with data supplied by other diagnostics, the ion

temperature profile as well.
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1.6.3 RF Power Deposition Studies

The ENEA staff took part in the analysis of experiments where the ICRF

additional power was time-modulated by making the correlation analysis of the

electron cyclotron emission, the neutral particle analyzer, and neutron detector

signals. This analysis permitted the measurement of the power profiles deposited

from the RF waves to the plasma. In fact, the oscillating response of the electron

and ion temperature is expected to be the highest where the power is directly

delivered to the bulk populations and, in the high frequency limit, to fade down

to zero moving apart from these regions (See Fig. 1.43).

A more detailed study of the coupling between the magnetosonic waves

and the plasma, and the formation of tails in the ion distribution functions, has

also been made. On the basis of the quasi-linear wave-plasma interaction theory,

it was possible to simulate the signals measured with the neutral particle

analyzers for discharges where the RF power was both time-modulated and

continuous.
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Fig. 1.43 - Amplitude and phase of the Fourier transform at
the modulation frequency of temperature
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emission diagnostics as a function of JET major
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1.6.4 Study of Triton Confinement in JET

The 1.01 r.1eV triton burn-up in JET deuterium discharges has been
investigated by the measurement of 14.1 MeV and 2.45 MeV neutron emission
from the plasma (see Sec. 1.2.4 for more details concerning this diagnostic
method) The 14.1 MeV neutrons arise from the burn-up of the fast tritons
produced by the D(D,p)T reaction which has the same probability as the
D(D,n)3He, responsible for the 2.45 MeV neutron yield in deuterium plasmas. The
2.45 MeV neutron yield was measured from calibrated fission chambers. A
pneumatic rabbit system has been used to measure the total, time integrated
14.1 MeV neutron yield from deuterium discharges for plasmas of different
conditions and additional heating scenarios by using the activation method of
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copper Measurements of the burn-up ratio were made for JET plasmas in the

parameter ranges lp = 1 - 5 MA, BT = 2.2-3.4 T, ne = 1-3.7x1019 m-3( and Te = 3.7-

6.1 keV The peak 2.45 MeV neutron production rates were in the range

0.02-6x10^ s-i. Good statistics in the Cu-activation measurements (better than

9%) were obtained for neutron yields larger than 2x1014 neutrons per discharge

using samples of 19 grams. Most discharges were performed wi th an open

magnetic field configuration having a single vertical separatrix (X-point), and

with H-mode operation achieved in one case. One of the discharges studied was

with ohmic heating only, while all the others were with ICRF (P<2 MW) and/or

NBI (P<8 MW) additional heating

For the ohmic discharge (pulse n. 10661 wi th BT = 3 .4 T, l p = 3 MA, Te = 3.7

keV and Zeff = 2.6) the burn-up ratio was determined to be p = 0.81x10-2 with a

statistical error of 7%; this error is typical for the data obtained. The calculated

classical value is p = 1.1x10-2 taken as the time average for the discharge; the

tr i ton confinement fraction was >98% for the significant part of this discharge,

wi th p varying in the range 0.97-1.2x10-2, due mainly to variation in Zeff and Te.

The observed value is thus consistent with the expected classical particle behavior

of tritons for these plasma conditions.

On the basis of the experimental data obtained so far (see Fig. 1.44), the

fo l lowing remarks can be made. The data suggest tha t p decreases w i t h

decreasing lp , which is in line with expected variation of the tr i ton confinement

fraction. The measurements also indicate p values that are about a factor of two

higher at BT = 3.4 T than at Bj = 2.2 T . Furthermore, discharges with closed field

configurations at Bj = 3.4 T and l p = 5 MA show considerably lower p values than

the X-point discharges at By = 3.4 T and lower plasma currents. It therefore

appears that the observed variations in p are rather large in view of the expected

classical variation as a function of plasma conditions; it should be recalled,

however, that most measurements were made for neutral beam injection (NBI)

discharges. Calculations simulating the triton source distribution in the presence

of RF and NBI heating, are presently under way and should clarify the effects of

auxiliary heating on the p value. The single H-mode discharge studied does not

appear to differ from the rest of the discharges which were of the L-mode type.

1.6.5 Theory and Interpretation

During 1986 collaboration with the JET Theory Division was initiated
on anomalous transport modelling of JET discharges. Special attention has been
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devoted to the understanding of ion transport which on JET seems to be strongly

anomalous. A preliminary investigation using a microinstability-based model

developed in Frascati and in collaboration with Princeton (see section on theory)

has shown a reasonable agreement between theoretical and experimental ion

temperature profiles.

1.7 COLLABORATION WITH GARCHING AND PRINCETON

During 1986 an agreement was reached between ENEA and the Max-Planck
Institut fur Plasma Physik (IPP) to conduct a joint experiment for investigating the
use of electromagnetic waves in the LH frequency range to control the current
profile in ASDEX, and to explore sinergetic effects with other heating methods,
also in the presence of a separatrix. The agreement has been further extended to
the Princeton Plasma Physics Laboratory (PPPL). The proposed experiment will
use the 2.45 GHz klystrons available in Frascati, in addition to those available at
PPPL, in order to install 3 MW of RF power on ASDEX with a 2x24 waveguide grill,
which will offer a high degree of flexibility in the shaping of N.. spectrum.

The main objective of the activities in 1986 has been the design of the RF
system. According to the agreement reached between ENEA and IPP, the
EURATOM-ENEA Association was given the responsibility of the grill
construction; in addition, ENEA will construct four new tanks for the klystron
amplifiers, and will procure the RF components forthe transmission lines. In June
1986 the two laboratories presented an application to EURATOM for preferential
support; phases I and II were approved by the Consultive Committee of the
Fusion Program (CCFP) in October 1986.

The project group was established by ENEA in June 1986. The main activities
of the group in 1986 have been

• agreement on a detailed splitting of tasks with IPP and PPPL;

• preliminary design of the grill coupler;

• construction of a prototype of the front end of the coupler;

• procurement of the copper waveguide to proceed with the construction of
the antenna;

• test of a procedure to bend of the copper waveguide for the construction of
the RF antenna;
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• procurement of the copper waveguide to proceed with the construction of

the antenna.

The grill consists of two superimposed arrays of 24 waveguides with inner

dimensions of 10x109 mm and a wall thickness between adjacent waveguides of

4 mm. The front end is made of stainless steel and will to be coated chemically to

suppress multipactoring phenomena. Immediately after the front end, an array

of 24 ceramic windows brazed in a common metallic flange will be installed to

pressurize the rest of the system. The construction of the two window arrays wil l

be carried out in Princeton, according to the agreement reached between the

laboratories involved in the experiment. The pressurized section of the grill wil l

be constructed with commercial copper waveguides. They wi l l be welded to

stainless steel frames and coupled together by means of flanges. In order to

define the welding procedure, a prototype array has been constructed and its

mechanical properties tested. This includes a sufficient strength of the welding

and a good flatness of the front surface to provide a good RF contact between

the Jifferent parts.

1.8 THE JOINT PROPOSAL WITH CNR MILAN ON ECRH FOR FTU

Electron cyclotron resonance heating (ECRH) experiments are rapidly
becoming an essential tool in thermonuclear fusion research. In this perspective,
the Istituto di Fisica del Plasma del CNR (Milan), in collaboration with the Frascati
Association, has examined the opportunity of an ECRH experiment on the FTU
machine in Frascati, to eventually be drawn up as a definite proposal.

The proposal concerns the purchase of six 140 GHz, 200 kW, 100 ms pulse
gyrotrons (which can also be operated continuously (cw) with reduced power)
and of the related equipment for an electron-cyclotron (EC) 1.2 MW heating
experiment on FTU. The experiment is aimed at the following main lines of
research.

• EC heating of FTU discharges;

• Effects of the EC absorption on the MHD instabilities and on the Murakami
density limit;

• Combined injection of EC and LH waves.

The proposed scientific program takes advantage of the high flexibility of
the FTU machine, particularly on the following points:
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• The EC wave absorption is practically- total in a single pass wi th on-axis

resonance and remains high under off-axis resonance conditions;

• A favorably low xe,i/tE ratio ( i e j is the electron-ion energy transfer time,

IE is the energy confinement time) related to the relatively high density

compatible with EC absorption (the cut-off density at the resonant magnetic field
of 50 kG is 2.5x1014 cm-3);

• The great variety of operational regimes expected in FTU by extrapolating the

FT results, as a consequence of the high value and the extended operational

range of the toroidal magnetic field (50-80 kG).

The possibility of varying the magnetic field, while the absorption remains

high and localized, allows the investigation of the EC power deposition in a large

range of radial positions including the plasma border and its interaction wi th

MHD instabilities or with edge processes under different operational regimes.

The relevance of a low xe,j/iE ratio in an ECRH experiment is related to a- better

efficiency of the ion heating and results from the proportionality of this ratio to

the inverse square of the density. An experimental verification of the favorable

dependence of the ion heating on the density was obtained in the T10

experiment in the USSR. The proposed experiment will extend the density range

forthis verification.

The values of density and magnetic field compatible with EC absorption in

FTU are the same as those of thermonuclear reactors of the NET type. The EC

absorption in the extended density regime can be applied for controlling the

instabilities related to resonant modes and then for reaching operational regions

in the (n R/B-1/q) diagram (Hugill diagram) which are more favorable from the

point of view of the reactor economy. This is a field where the flexibility of FTU

offers interesting research possibilities.

The main interest for controlled thermonuclear research of a combined LH

and EC experiment in a high field tokamak is based on the following arguments:

• The possibility of ECH in high field devices using high power gyrotrons

operating at frequencies below the (classical) EC frequency (down-shifted

resonance). In this scheme, EC wave absorption is made possible by the

presence of the suprathermal electron tail driven by the electric field in the

ohmic regime or/and by LH waves, in LH sustained regimes;
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The improvement of the LH current drive on a high field tokamak by EC

control of the induced current density profile.

A critical issue for the application of EC power to INTOR on MET-type

reactors is the development of the technology of a launching system at the

frequency of 140 GHz. The proposed experiment offers the opportunity for the

implementation of the necessary basic research on this issue, which is important

for this type of reactor and the possibility of previously testing the solutions

suggested on a smaller size experiment.

The proposal was submitted to Euratom and received Phase I approval in

October 1986.

REFERENCES to Chap. 1

[1.1] F. Orsitto and D. Frigione: Course and Workshop on Basic and Advanced Fusion Plasmas

Diagnostic Techniques, (Varenna 1986) and ENEA Report RT/FUS/86/11 CRE Frascati
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Detail of the ABC laser system
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2. Inertial Confinement

2.1 INTRODUCTION

The aim of the Laser Fusion Laboratory activity as well as some results of the
laser-matter interaction experiments performed in the past have been discussSed
in the 1985 report [2.1]. This report will be mainly devoted to the presentation of
a part of the equipment prepared for the interaction experiments with the ABC
laser system. More precisely a description is given of

• part of the diagnostic equipment;

• the target positioning and replacing system;

• the target alignment procedures.

In evaluating the performances of these systems and methods, it could be
useful to remember that in the experiments with the ABC laser, light pulses of
2 -T-3 ns FWHM at a wavelength of 0.527 pm will be focussed on areas having
diameters of 350 -r 500 pm; since the laser energy will be of the order of 100 J,
power densities of 1012-=-1013 W/cm2 will result.

When focussed on spherical targets with the sizes already specified, these
pulses will drive ablative implosions. Typical performances could be implosion
velocities of 4 -r 8 x 106 Cm/s, corona temperatures of 0.3-1 keV, coronal plasma
velocity of ~ 2 x 107 cm/s, and, in the optimistic case of uniform illumination and
stable implosion, target volume variation of about 1000. As shown in Refs 2.1,
2.2, 2.3, these experiments could be representative for part of the
hydrodynamics of MJ thermonuclear targets when directly imploded with laser
pulses of longer durations (e.g., t -» t x 3) and shorter wavelengths (e.g., A ->
k/2).

2.2 DIAGNOSTICS

Several of the diagnostics routinely used in the low power density
experiments have been described in the previous reports [2.1]. Here the focus is
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on two diagnostics that should give initial reliable semiquantitative information

on the distribution of energy deposition on the target surface. It should be

recalled that since the experiments wil l be performed in the ablative regime, the

quality of target il lumination wil l be a more crucial element than in exploding

pusher driven implosions or, more generally, in experiments where high power

densities are used.

2.2.1 Pinhole Camera Soft X-Ray Imaging

As the first of these diagnostics, we shall consider the simple target pinhole
imaging in the soft x rays emitted from the corona. In the experiments the
image is registered on a microchannel plate: this method, in addition to the
information on illumination uniformity, can also give a space-resolved, time-
integrated temperature measurement by associating the filter method to
photon counting [2.4]. Since the energy E of the photons contributing to the
image scales approximative^ as (TS) i, where T is the plasma temperature and S
the filter thickness, it is possible, by reducing S, to render the contribution of the
lower energy photons (E ~ EjOn) emitted near the ablation front [2.4] more
relevant for the imaging process. In the experiments a highly emitting ablation
front will exist during the complete implosion process because of the long laser
pulses used.

On the plate the highest photon densities will correspond to smaller
ablation front velocities, that is, to the first stages of the interaction and to the
stagnation time.

In Fig. 2.1 the pinhole camera is the roughly conical structure in the center
of the picture. Four soft x-ray images are formed on a large (9x11.5 cm2)
channel-plate by four pinholes, each image being processed by different
absorbers. Corrections to the initial alignment as well as to the magnification can
be made, without breaking the vacuum, by motorized displacements of the
pinhole assembly. The four pinholes can be substituted independently (see
Fig. 2.2).

In addition to the advantage of having images at different typical photon
energies in the same shot, this approach makes it possible to have a single shot,
space-resolved, time integrated temperature measurement through the
determination of three filter transmission ratios, the more conventional space-
integrated, time resolved counterpart being given by diodes [2.5].
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Fig. 2.1 - A view of the target chamber of the ABC laser system

2.2.2 Optical Diagnostics

Information about the quality of the energy distribution on the target
surface can be obtained by time resolved optical diagnostics.

In the experiments the typical hydrodynamical times are of the order of
3 -r 6 ns for the implosion and ~ 0.7 ns for the coronal plasma transit time through
a length of the order of the target radius R; so, after a time of the order of 1 ns,
a quasi-stationary corona can be expected, evolving in times of the order of the
implosion time. In these conditions optical diagnostics using a probing beam
with a duration to = 200 -f 300 pswill succeed in giving time resolved views of
the coronal plasma and opaque regions. Assuming an implosion velocity of
v = 8 x 106 cm/s, the plasma profile shift results vto = 24 pm so that if, for
instance, interferometry is considered, it is easy to show that fringe shift up to
R/vto =* 10 can be detectable without substantial blur. This conclusion is
supported by our previous experiments: high quality interferograms have been
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Fig. 2.2 - Four different pinhole mounting for the x rays camera

70



INERTIAL CONFINEMENT

obtained in interaction experiments having similar space-time scales (see

[2.1.2.5]).

The system has been designed to produce four images at different times

in the same shot. Care has been taken in making the image processing optics

flexible enough to render techniques such asschlieren.dark field shadowgraphy,

interferometry, etc., possible by minor changes in the optics.

The system used to produce four short diagnostic pulses at 0.527 j jm or

0.351 um starting from the ABC long pulse used for the target irradiation is

shown in Fig. 2.3. A fraction of the diverging beam after the ABC M20 amplifier

[2 1] is first spatially filtered and shaped to 1-ns pulse by a pockels cell driven by

the same (properly delayed) pulsed voltage used to drive the ABC optical

shutters. Two orthogonally polarized replicas are then produced and a mutual

time delay is created. Since type II 2co generators require both the polarizations

to be present, the green pulse is produced only when the two pulses overlap: the

situation is illustrated in Fig. 2.4 where the relevant calculations are presented.

A similar method can also be used in the case of 3co generation: in this case a

delay between w and 2u> is introduced for the THG cell. The system is shown in

Fig. 2.5

The short pulse generated in this way is split into four differently delayed

parts which are used to probe the target in a plane orthogonal to the symmetry

axis of the ABC focussing optics. The target four-beam illumination scheme is

shown in Fig. 2.6 . In the same figure the imaging and a processing optics is also

represented for one of the four beams. The actual system is shown in Fig. 2.7 on

the right hand side.

2.3 TARGET POSITIONING AND REPLACING SYSTEM

The target chamber for the interaction experiments is a stainless steel

spherical vessel with a diameter of 150 cm and formed by two vacuum-tight

(-1.5 x 10-6torr)shellsstucktogether(seeFig.2.7).

Figure 2.1 shows an inner view of the apparatus: this includes diagnostics,

focusing lenses, and the automatic target replacement system (ATRS). In the

following, a description is given of the present ATRS. This is a new device

properly designed to substitute a previous, less flexible (prototypic in character)

device.

71



INERTIAL CONFINEMENT

f = 373 f = 1500 POCKELS CELL
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TYPE II 2OJ GENERATOR PINHOLE

Fig. 2.3 - The system used to generate four short light pulses at 2<o for optical diagnostics in
the ABC experiment
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Fig. 2.4 - Calculated time dependence for the 2u short pulses as
produced by the system represented in the previous
figure

Fig. 2.5- A view of the 2(jj short pulse forming system
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Fig. 2.6 - The imaging system for the optical diagnostic

74



INERTIAL CONFINEMENT

Fig. 2.7 - The irradiation room; the optical diagnostic imaging system is placed on the right

The ATRS represented in Fig. 2.1 is designed to replace one hundred
targets without breaking off the vacuum conditions. Each target can be placed
on the same predetermined position within 1 pm and rotated around an axis by
means of micropositioning mechanical modules driven by remotely controllable
stepping motors

The operating performances for each module are specified in the
following:

1) Normal Mode: pushing a button (marked + or -) causes the motors to
move in the desired direction. When the motion is stopped, the step
increment results on the numerical display. This operating mode is
completely dependent on the human partecipation.

2) Programed mode: on the keybord of each device, it is possible to assign a
set of parameters (direction, number of steps, steps/s, etc.). Pushing the
botton marked with start causes the motor to move as requested by the
programed operations and, at the end of the run, the effective number of
steps, counted from the origin, results on the numerical display.

3) Computer controlled position: by means of an IEEE 488 interface card, the
devices can be controlled by an APPLE HE to cause the behavior described
in point 2) (Programed mode).
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4) After the execution of the operations in point 1) or 2) or 3), the absolute
positions of each mechanical module (in terms of number of steps counted
from the origin) are recorded on the permanent memory card to be at
controller disposal through the interface card.

By means of the PRO-DOS-irnplemented APPLE HE controller suitable
software has been developed to operate the system as a whole by a programed
sequence. This sequence can be divided into three steps:

• The selected target is taken from the store, placed on a little arm and then
carried between the focussing lenses, approximatively in the firing position;

• After the target is transferred approximatively according to the operator
requirements on the controller keybord, the three stepping motors are used
for the precise positioning in the firing place, and the system status is then
put in stand-by for the shot;

• After the shot has been made, it is possible to choose end of operations or a
newly selected target positioning procedure.

The performances of the system as a whole (mechanics and electronics)
were tested verifying, in a number of repeated tests, the agreement between
mechanical and numerically displayed positions, and taking special care over the
mechanical modules with one half-step corresponding to 1 pm.

The control system for target replacing and positioning is shown in Fig. 2.8

2.4 TARGET ALIGNMENT PROCEDURES

One of the focussing systems for the light of the ABC laser system is
formed by two F/1, focal length f = 85 aspherical lenses with a hole on the
optical axis.

The target alignment procedures for this case start with the choice of the
first time firing place (FTFP) which is a conventional firing place used to align the
diagnostics. It is useful to have a procedure to find the FTFP with a precision
sufficient enough to avoid diagnostics realignment in case of loss of the - by far
more precise - references used to align the target in the actual shot operations.

The FTFP is determined by two coplanar laser beams produced by
projection of the pinholes Px and Py on the sights STX and STy (Fig. 2.9), D not
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being inserted at this stage. Although Px, Py, STX and STy, are removable, they can

be placed in the same position within 10 pm. The beam along x (the irradiation

symmetry axis) is produced projecting Px on the side of the Li lens wi th an argon

laser beam properly expanded and aligned to simulate the ABC beams (a similar

beam is also used on the side of L2). The direction along y is simulated by

projecting Py wi th an He-Ne laser beam.

Fig. 2.8 - The new electronics for the target replacing and positioning system and for
the pinhole camera motors
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A spherical target T is then imaged on the screens Sx and Sy by lx and l y and

placed at the center of the diffraction patterns of Px and Py. This procedure

guarantees that FTFP can be found with sufficient precision to avoid realignment

of all the present diagnostics mounted on the experiment.

After this target posit ioning work, Py and STy are removed and the

resulting good quality magnified target image is used to place a precise

reference on the permanent screen Sy. This reference will be used for target

positioning along x in the actual shot alignment operations. A reference is also

taken on Sx.

The alignment of the ABC focussing lenses Li and L2 proceeds in two steps.

As a first operation the foci of Li and L2 are placed in the plane y, z (z is

orthogonal to the x, y of Fig. 2.9): this result is obtained by a Foucault procedure

in which a sharp blade aligned on the reference Sy is used. Of course, during this

operation STX and Px are removed. Since Li and L2 are motorized along x, a by-

product of this work is a memorized confocality coordinate to be used as a

reference for focussing under vacuum conditions.

SCREEN S,

IMAGING OPTICS

ABC OR
ARGON BEAM

1. =ABC FOCUSING LASERS
V =VACUUM CHAMBER WINDOWS
P = REMOVABLE PINHOLES
ST = REMOVABLE REFERENCE SIGHTS
D ^REMOVABLE DIFRISER
I = IMAGING OPTICS
T =TARGET

ST.

REMOVABLE REMOVABLE
SCREEN IMAGING OPTICS

HeNe BEAM

Fig.2. 9 - Schematic wiew of the alignment optics.

78



INERTIAL CONFINEMENT

The second operation is to superpose the foci along the x axis. This is done

by using a transparent disk target aligned upon the references taken on Sx and

Sy. With Px and STX removed and the diffuser D inserted on a part of the green

beam used to simulate ABC, a highly magnified image (M = 60) of the target T

can be formed on Sx by using l_2 and a modified lx. On Sx, together wi th a very

good quality image of T, the sharp focal spot due to the nondiffused part of the

beam appears. The lens Li is then positioned in the plane z, y so as to bring the

bright focal spot in the center of the disk. These operations are then repeated for

the alignment of L2.

In this system, the previously described operations require direct access to

the focussing lenses.

Once the ABC lenses are properly positioned, the target a l ignment

procedure under vacuum conditions for shot operations is as follows: A target is

taken from the reservoir by using the automatized system described in the

previous section and accurately placed on the reference Sy. If the target T is

transparent, the positioning in the y,z plane is made by imaging T on Sx by lx, L2

and D. Then T is placed so as to put the spot due to Li in the center. If the target

is opaque, a reference is taken for the focal spot of Li on Sx, and then the target

is positioned upon it. The required target i l lumination conditions are then

produced by symmetrically moving Li and L2 along x, by their stepping motors.
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3. Frascati Tokamak
Upgrade

3.1 INTRODUCTION

Considering the present state of the construction of the FTU machine, as
reported in this chapter, reference is also made to previous progress reports of
the ENEA Fusion Department and to Ref. 3.1 for a detailed description of the
general concept of the FTU Project and for an overview of its relationship with
the existing FT machine operating in Frascati.

The interest in medium high magnetic field machines such as FTU has
increased in view of their potential capabilities to enter high nx regions and even
achieve ignition at a reasonable cost providing vital information on the route
towards a fusion reactor. New ambitious projects have been proposed, from
Alcator C- MOD at MIT, to CIT in the USA, and to IGNITOR in Europe, so that FTU
could possibly represent an important step towards future, more powerful
devices.

3.2 STATUS OF THE PROJECT AND TIME SCHEDULE

Table 3.1 presents the most relevant FTU parameters. Work on the project
continued actively during 1986. Placing of the orders for the major components
of the machine, its electrical supplies, and auxiliary systems has been completed.

The status of the commitments at the end of 1986 was as follows:

• Load assembly and auxiliary systems 94%

• Power supplies 98%

• Control system 63%

• Infrastructures 97%

The general design concepts have not been varied and manufacturing of
the components ha* progressed considerably. Construction of the vacuum
chamber and vacuum system was completed by the end of 1986. Installation of
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Table 3 I - Mam Fi'U Parameters

Plasma current at q = 2.5 (MA)

Pulse duration (s)

Repetition rate

Major plasma radius (m)

Minor plasma radius (m)

Minor vacuum chamber radius (m)

Clearance between plasma and inner wall

of the toroidal field magnet (m)

Toroidal magnetic field on axis (T)

Stray field at the plasma boundary (%)

Toroidal field magnet:

number of modules

number of coils

number of turns

current (kA)

power (MW)

energy (MJ)

weight (t)

Poloidal field stored flux (Vs)

Peak magnetic field on transformer

centerline(T)

Poloidal field power (MVA)

Weight of the load assembly (t)

Lower hybrid heating:

frequency (GHz)

power (MW)

1.6

1.5

1 pulse/10 min

0935

0.305

0.330

0065

8

7 3

12

24

1008

37 1

120

160

67

6.4

15.5

250

80

8

8
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the poioidal field flywheel generator started in July 1986 and the thynstor

rectifiers will arrive in Frascati soon after the beginning of 1987.

The design of the RF system for the heating of the plasma in the lower

hybrid (LH) frequency range has been influenced by the options opened by the

proposals received from the firms in the call for tender for the microwave

generators.

According to the present time schedule, a slippage of a few months on

the machine operation at room temperature must be expected, mainly due

to the delay incurred in the toroidal field magnet manufacture and the

building erection. The present forecast is to obtain first operation of the machine

in fall 1988 and to be ready for putting the first batch of RF power on the plasma

in spring 1989 after a few months of ohmic heating operation.

3.3 LOAD ASSEMBLY

During 1986 good progress was made in the manufacturing of the main

componentsof the FTU machine. The assembly procedure of the first module of

the toroidal field magnet is well under way, the preassembly of the vacuum

vessel is finished, the vacuum and the gas introduction systems are nearly ready

Table 3.11 - Contracts for components of the FTU load assembly and their delivery
times

COMPONENT

Toroidal field magnet

Vacuum chamber

Poloidal field windings

Central solenoid

Replaceable poloidal
limiter

Assembly equipment

Vacuum and gas in-
jection system

Liquid nitrogen cool-
ing system

FIRM

Ansaldo

DePretto

Ansaldo

Indelve

De Pretto

FiatCIEl

Pfeiffer

Rivoira

CONTRACT
STARTING

TIME

18.7.84

68.85

242.86

133.86

20.2.86

26.2.86

6.3.86

1 7.86

EXPECTED
DELIVER Y

TIME

Sec. half 1987

24487

248.87

13.1.87

20.487

26.2.87

6.12.87

30 12.87

PRICE
(M.lire)

5 448

1 3 1 0

1 495

180

180

750

1 630

1 5 7 0
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for installation on site, and the manufacturing of the central solenoid and the
machine assembly equipment has beer completed.

A big effort has been concentrated on the supervision of the manufacturing
contracts, which are summarized in Table 3.11, cooperating with the firms in
solving many unforeseen or unconventional technological problems.To
complete the contruction of the FTU machine, a few additional small or medium
si*e contracts had to be placed in 1986. They include the procurement of power
i jpplies for the baking of the ports of the vacuum vessel and the liquid nitrogen
cooling system.

Considering the expected delivery time of the critical items, the assembly
work of the FTU device will begin during the first months of 1987 and it will take

Fig. 3.1 < Induction brazing system (120 kW, 10 kHz) used to join the plates of the copper
Bitter maynet
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about one year to have the machine ready for commissioning at room

temperature.

3.3.1 Toroidal Field Magnet and Mechanical Structure

The magnet comprises twelve modules designed to produce a field of 8 T at
the radius of 0.935 m [3.2J. Each module includes two copper coils insulated by
glass reinforced epoxy and enclosed by a stainless steel casing. Contract work for
all the stainless steel components (magnet coil casings, wedges, eight-leg
machine support structure, and poloidal coil mechanical supports) was
completed by FIAT. All the parts have been delivered to Ansaldo which is the
main contractor The manufacture of the coils (24 plus 2 spares) is well advanced.

Fig. 3.2 - One helical copper coil after chemical treatment
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Fig. 3.3 - The impregnated coil structure

Fig. 3.4 - The epoxy casing supporting the passive windings
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Fig.3. 5 - The copper coil being inserted into the stainless steel casing

Fig. 3.6 - Preloading copper coil and steel casing with adjustable wedges
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The delivery schedule, which has now been agreed upon, is longerthan originally

expected and will cause a delay of a few months on the commissioning of FTU at

room temperature. The prototype module will be completed by mid 1987 and

the deliveries of the twelve modules are expected to start in October 1987.

Each coil is formed by 42 circular turns cut from wedge-shaped ETP copper

sheets, radially split on the outer leg and brazed togetherto form a helix, using a

120 k W - 10 kHz induction brazing system (Fig. 3.1) [3.3]. Each coil has been

machined after brazing (to give the exact toroidal shape), chemically treated

(Fig. 3.2), and vacuum impregnated with an epoxy resin whose formulation has

been proved on a linear model. The impregnated coil (Fig. 3.3) is then

incapsulated wi th a glass reinforced epoxy casing which provides ground

electrical insulation and forms the liquid nitrogen cooling duct. Four housings are

formed on the inner wall of the casing, where the passive structure for the

plasma position control will be inserted. In a first phase, two pieces of the glass

reinforced epoxy casing were manufactured: the supporting structure for' the

passive windings (Fig. 3.4) and the top flange. In a second phase, the ground

Fig. 3.7 - First manufacturing step in the construction of the poloidal field
coils
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insulation was completed by means of preimpregnated cloths shaped on the coil
and hot-pressed with a mould which gives the exact toroidal shape.

The coil will eventually be inserted in the stainless steel casing (Fig. 3.5).
Adjustable wedges (Fig. 3.6) located between the casing and the outer surface of
the coil will be used to preload the copper and steel in a controlled way in order
to achieve a well-defined force transfer from the coil to the steel casing during
tokamak operation.

3.3.2 Poloidai Field Windings

The Ansaldo contract for the poloidal field system includes the manufacture
of

four sets of vacuum impregnated poloidal field windings: the ohmic heating
system (T), the preprogramed vertical field (V), the plasma horizon position
feedback control (H);

Fig. 3.8 - The prototype poloidal coil
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• a decoupling transformer composed of 17 identical pancakes connected to

form the individual windings designed to balance the mutual inductances

existing between poloidal field coils F, V and T so as not to perturb the plasma

current when the current in the feedback windings F changes;

• a busbar system which includes the electrical connections inside the cryostat

and two sets of thermal insulated bushings connect the windings inside the

cryostat at 77 K with the busbars installed in the FTU hall.

The poloidal field coils are made of hard-drawn copper tapes of rectangular

cross section indirectly cooled wi th l iquid ni trogen by a layer of ho l low

conductors located on one or both sides of the windings. The sequence of

operations for the manufacture of each coil is as follows: clean, sandblast, and

prime the copper conductor; apply the glass/kapton tape and wind (see Fig. 3.7);

assemble the cooling system; wrap with the glass/kapton ground insulation tape

and finally place the coil in the mould and impregnate with epoxy resin under

vacuum. The prototype coil (Fig 3.8) was built at the end of 1986 and the testing

program, which includes thermal cycling and mechanical tests, wil l be performed

in the first months of 1987.

The central transformer solenoid (Ti) manufactured by Indelve was

delivered in 1986. Every turn of the solenoid is made up of twelve specially built

enameled conductors (3x9 mm?) in parallel. The T1 coil (Fig. 3.9) has 18 cylindrical

layers of helically wound elementary conductor: the layers are separated by the

cooling channels obtained using glass reinforced epdxy spacers. Four kapton

sheets provide the insulation.

3.3.3 Vacuum Chamber

The manufacture of the vacuum vessel was completed at the De Pretto

factory during 1986 and the delivery to the FTU site is scheduled at the beginning

of 1987. The vessel consists of 12 thin toroidal sectors welded to the thick rigid

sectors (ports) [3.1]. Each thin sector is made of ten U-rings (2 mm thick) welded

together and to the 2-mm-thick thermal shields. Some difficulties had to be

overcome during the manufacture of the sectors in order to respect the

prescribed tolerances. To solve the problem, automatic equipment (Fig. 3.10) was

developed to provide the welding of each U-element to the relevant thermal

shields in the correct position

Figure 3.11 shows the spot-welding between adjacent U elements on
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Fig. 3.9 - The central transformer coil during manufacture

Fig. 3.10- Automatic equipment for welding the thermal shields in the
vacuum chamber
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the outer surface to stiffen the toroidal sector, while Fig. 3.12 shows the final

welding on a T-port. After construction, the toroidal sectors and ports were stress

relieved, leak tested, chemically cleaned, and preassembled (Figs 3.13 and 3.14).

The dimensional check showed that achieving the nominal major torus radius on

the final assembly on site should not present any serious problem.

Successively, each sector and port was baked under vacuum at 200 °C for

100 hours reaching a vacuum of 10-9 mbar and an outgassing rate of 10~12

mbar I s-1 cm-2.

All the vacuum vessel components were bui l t under clean work ing

conditions, and after cleaning treatment, all the operations were carried out in a

clean area.

Fig. 3.11 - Welding of the outer surface of the vacuum chamber
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Fig. 3.12- Welding of a T-port

Fig. 3.13 - The partially preassembled vacuum chamber
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Fig. 3.14- The preassembled vacuum chamber

Fig. 3.15- Drawing of the cryostat
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3.3.4 Cryostat

The cryostat is needed to maintain FTU at liquid nitrogen temperature. It
is made with panels assembled to form a box surrounding the FTU device
(Fig. 3.15) Each panel is built with sheets of glass fabric polyester as structural
material using rigid foam as thermal insulation.

The cryostat will be pressurized with nitrogen gas at about 10 cm H2O;
therefore, the panels will be joined together and sealed in order to prevent
nitrogen leakage. The supporting legs of the machine, the equatorial and vertical
ports, the liquid nitrogen pipes, and the electrical feedthroughs have to cross the
cryostat walls and must not be rigidly clamped to them.

The contract for the construction of the cryostat will be placed at the
beginning of 1987.

3.3.5 Liquid Nitrogen Cooling System

In July 1986 the liquid nitrogen cooling system was ordered from Rivoira.
The following activities were carried out during 1986:

• The flow diagram has been defined of the operation of the liquid nitrogen
system used for the different operating phases: first cooling down of the
machine, fast cooling between shots and emptying of the poloidal and
toroidal windings before each shot, pressurization of the cryostat and heating
of the machine to room temperature.

• All the main components - two 30.000 liter tanks, the phase separators, the
cryogenic pumps, the heat exchanger, valves and vacuum insulated pipelines -
have been designed and ordered.

Additional effort has been put into the development of the control logic of
the equipment and the control loops for the cooling nitrogen circuits. Figure 3.16
shows the schematic of the liquid nitrogen cooling system inside the cryostat.

3.3.6 Vacuum and Gas Injection System

In March 1986 the vacuum system and the gas injection system were
ordered from Pfeiffer. During the year the following work was carried out:

• Layout drawings for the four vacuum pumping groups and for the gas
injection system were approved.
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• All major components - turbomolecular pumps, rotative pumps, valves,

interconnecting piping, vacuum instrumentation (ionization and pirani

gauges and quadrupole mass spectrometer) - were specified, ordered, and

preassembled.

• Electrical equipment and cubicles were manufactured.

All the components and equipment will be ready for installation on site in

March 1987.

3.4 ELECTRICAL POWER SUPPLIES

The main activities performed during the year 1986 were the following:

• The remaining calls for tender to complete the electrical system were
adjudicated (electrical installation of the power and control lines to COMES,
thyristor rectifier transformers for the poloidal field power supplies, for a
total of 644 MVA, to the OEL).

Fig. 3.16- Schematic of the liquid nitrogen cooling system inside the cryostat
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• Completion of the installation work of the 250 MVA flywheel-generator with

the associated auxiliary plants.

• The detailed design of the thyristor converter units which wi l l feed the

poloidal field windings (644 MVA installed power) was completed and

installation work has started.

• The order for the specific power supplies for the discharge cleaning, baking

of the vacuum chamber, and the commutation system was placed with the

firmTIBB.

• The study of the plasma position feedback control system was initiated.

The general electrical schematic of the FTU power supplies is presented and

discussed in Ref. 3.4.

3.4.1 Toroidal Field (TF) Power Supply

Power to the TF magnet of FTU will be supplied by the existing motor
flywheel generator group presently feeding the toroidal field of FT. This group
can deliver 120 MWof peak power and up to 165 MJ for 3 s every 10min.

Work on the TF power supply has been mainly related to studying the
remote control of the group from the FTU control room and to studying the
modifications of the static excitation system to improve the performance
(precision! 0.5%) in conformity with the requirements of the FTU operating
scenarios.

The remote control of the group will be performed by a Westinghouse
Numalogic Programable Logic Controller, according to the standards adopted for
the entire FTU system. The distance between the FTU control room and the MFG
set is about 300 m so that a digital serial link will be used to assure good EMI
immunity and to transfer more than 50 status signals, 10 commands and 6 analog
measurements over 3 telephone lines in less than 3 ms.

3.4.2 Poloidal Field ( PF) Power Supply System

ThePF power supply system delivered by TIBB consists of a flywheel
alternator set capable of providing 250 MVA peak power, 200 MJ for 3 s every 10
min (Ansaldo), a set of 12 rectifier transformers (OEL) and four thyristor
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converters (12-phase, bidirectional with current circulation, sequence controlled)
for a total installed power of 644 MVA.

The start up and braking of the flywheel alternator is obtained driving the
generator as a synchronous motor with a 3 MVA static frequency converter.
Figure 3.17 shows the generator during the installation phase.

One important feature of the system design is the very high short circuit
currents (250 kA peak asymmetric) generated by the alternator, due to the very
low value of subtransient reactance of the machine (11%) related to the
requirement of keeping the rectifiers operating in the first mode (u =£ 30°). To
cope with this, the following provisions had to be adopted:

• The use of the typical techniques adopted for very large size machines (700
MVA continuous duty) forthe head windings of the alternator.

• The use of segretated busbars, one per phase, to eliminate the risk of a
three-phase short circuit.

• The connection to ground through a 1 kQ resistor of the neutral of the
generator star to reduce the level of the short circuit currents to ground.

Figure 3.18 shows an overall view of the generator hall. The installation of
the thyristor converters was begun at the end of 1986. Figure 3.19 shows the type
of thyristor unit adopted (100 mm Si wafer diameter, VRRM = 4 4 0 0 V,
IRMS = 6400 A), among the largest commercially available today. Figure 3.20
shows an overall view of the converter hall during equipment installation.

3.4.3 Commutation System

The commutation system forthe FTU tokamak must provide pulses of 30 kV
on the poloidal field windings and commutating currents of up to 25 kA to
produce the start up of the plasma current. To satisfy these requirements, a
two-pole vacuum breaker, equipped with saturable inductances and capacitor
banks to produce an artificial current zero, has been chosen as the most suitable
solution with high operational reliability and limited maintenance.

Two series of tests were conducted to evaluate the performance and
reliability of the system and, in particular, the erosion of the electrodes as a
function of the number of operations. The test results were very satisfactory. At
least 1000 full power pulses can be envisaged before replacing the vacuum
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Fig. 3.17 - Ansaldo 250 MVA peak power generator during installation

Fig. 3.18 - Overall view of the generator hall
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Fig. 3.19 - One of the large thyristors used in the converters

Fig. 3.20 - Converter hall during equipment installation
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bottles. One breaker of the same type has been installed on FT to provide

additional information on the performance under real operating conditions.

3.4.4 Plasma Position Feedback Control

During 1986, further evaluation of the requirements for plasma operation
showed that it would be desirable to control plasma current and position
simultaneously. The FTU plasma is intrinsically stable in the vertical direction, so a
limited power (2 MVA) will be required to control the vertical position.

Control of the radial position will be provided by the cooperation of the set
of four passive windings installed inside the toroidal field magnet, opposing the
fast plasma displacements (time constant 15 ms) and of a set of active windings
feedback controlled, with reference to the plasma radial position, by a powerful
bidirectional, fully reversible thyristor converter unit (62.5 MVA, ±5 kV, ± 12.5
kA) Plasma position and current are to be preprogramed by the transformer
windings and vertical field windings. The three sets are going to be decoupled
compensating their mutuals by means of a decoupling transformer inserted in
the circuit.

-RO

Fig. 3.21 - Block schematic of the three power supplies
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The new requirement is to feedback control the T and V windings also. A
• study has been undertaken to evaluate the stability of the system in the presence
of variations of plasma position generated by disturbances and evolutions of the
values of p l,/2 and plasma loop voltage Figure 3.21 shows the block schematic of
the three power supplies (T,V, and F) functionally interconnected. In this figure
the blocks have the following meanings:

• PID - proportional-integral derivative control;

• ALVT/V/F - thyristor converters regulating T,V,F currents;

• MOD/PL,A,B,C,D,E - mathematical models interconnecting T,V,F,P currents
with plasma position.

3.5 LOWER HYBRID, ELECTRON MODE RF SYSTEM

The LH electron mode RF system is conceived to inject up to 8 MW
pulsed power, at 8 GHz, into the plasma of FTU [3.5]. The design of the
system has been gradually varied during 1986, following the progress in the
definition of the parameters of the microwave sources which will generate the RF
power.

The system is composed of eight modules, each corresponding to 1 MW and
includes

• high power RF generators;

• RF coupling structures;

• high power microwave transmission systems;

• high voltage power supplies;

• modulator, regulator, and protection units.

A block schematic of the system is indicated in Fig. 3.22

3.5.1 Microwave Generators

In 1986, a call for tender for the microwave generators was put out. Only
two firms, Varian (American), in association with Selenia (Italian), ind Thomson
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CSF (French), both leading world manufacturers of high po\"er microwave
generators, have answered, each proposing two different solutions

Varian has proposed 250 kW klystrons derived from an existing tube.
Although this appears to be the more conventional solution to the problem, it is
considered the less viable due to the system complexity related to the number of
tubes (32), affecting the availability and maintainability, and also to the very high
cost

Both Varian-Selenia and Thomson CSF have proposed gyrotron oscillators.
All the designs submitted have shown the potential advantages of the gyrotrons
of being less sensitive than the klystron to the high voltage standing wave ratio
foreseen even during the normal system operation (between 2:1 and 4:1). The
use of expensive high power ferrite isolators can therefore be avoided in this
case. Moreover, higher unit power is accessible with the gyrotrons, related to the
less critical coupling between the resonant cavity and the output waveguides.

Varian-Selenia have proposed a 500 kW gyrotron which features an
unconventional output solution with two WR 137 rectangular waveguides
sidecoupled to the cylindrical cavity. The use of the fundamental TE10 mode

HVPS CROWBAR

GYROTRON

#1

RF
TRANSMISSION

LINE

GUN-ANODE

MODS REG

GYROTRON

#2

RF
TRANSMISSION

LINE

GUN-ANODE

MOD & REG

Fig. 3.22 - Block schematic of an RF Module for the LH heating system
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guarantees a 100% mode purity of the ouput power and simplifies the layout of

the high power transmission system which would only employ conventional

overmoded or standard rectangular waveguide components.

Thomson CSF has proposed two axial output tubes: a 500 kW unit

oscillating in a TEno mode, with the output in the TEoi mode in C18 circular

waveguide (114 mm diameter); and a 1 MW tube oscillating in the TE51 mode

with the ouput in the same mode. Both solutions, while being in a sense more

conventional w i th regard to the type of oscil lator, require add i t iona l

sophisticated components for the transmission line which transfers the

microwave power from the generator hall to the tokamak hall. While the longest

run is in a circular oversized waveguide, power must be converted to the

rectangular fundamental mode before being distr ibuted to the coupl ing

structures.

After a very careful examination of the technical contents of the different

proposals, the conclusion has been reached that some substantial uncertainties

still exist with regard to the performance of the new tubes and components.

Table 3. Ill - Main technical data of proposed gyrotrons

Frequency (GHz)

RF peak power (kW)

EM. output mode

Output waveguide

Output mode purity

Beam voltage (kV)

Beam current (A)

Efficiency

Gun-anode voltage (kV)

Heater voltage (V ac)

Heater current (A)

Tube height (m)

Tube weight (kg)

Main magnet weight (kg)

Total magnet weight (kg)

500 kW G YROTRON

8

530

TE10(rect.)

2xWR-137(rect.)

100%

-90

12

46%

45

18

12

1.89

200

470

590

1 MW GYROTRON

8

1100

TE51 (circ.)

1xC-18(circ.)

99%

-90

24

50%

50

30

30

3

700

1400
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Therefore, to reduce the risk of failure to a minimum in the development of this
vital FTU subsystem, the decision has been taken to negotiate the construction of
both an operational prototype of tiie 500 kW Varian-Selenia sidecoupled
gyrotron and the 1 MW Thomson CSF "conventional" tube.

Negotiations will start at the beginning of 1987 and the delivery time
foreseen should make the two prototypes available in spring 1989. Table 3.111
resumes the main technical data referring to the two gyrotrons.

3.5.2 Coupling Structures

The configuration of the RF coupling structures of FTU was fully reviewed
during 1986 with respect to the solution previously envisaged (see Sec 3.5.2 of
the 1985 Progress Report) on the basis of the choices being made with respect to
the microwaves tubes and of the experience gained on a similar system for the FT
machine.

A solution based on the use of 12x4 arrays of rectangular waveguides
(between 21 and 29 mm x 3.6 mm) allows the use of up to four modular grills per
port. Each grill could inject 300 kW if connected to one 500 kW gyrotron or up to
600 kW if fed by one 1 MW tube, taking into account the losses encountered

Fig. 3.23 - Test specimen with 12 ceramic windows
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along the transmission line, with a power density between 6 kVWcm2 and a little
more than 10 kW/cm2. Considering the number and the very small size of the
ceramic windows, the technique of brazing a multiwindow (48) flange made of a
titanium alloy matching the expansion coefficient of the alumina, already used
on a smaller scale at Princeton Plasma Physics Laboratory, appears preferable to
brazing individual windows.

Figure 3.23 shows a test specimen with the 12 windows already produced at
Frascati. The most likely design of the coupling structure schematically
represented in Fig. 3.24 consists therefore of a mouthpiece in the stainless steel
waveguides welded to a stainless steel flange joined to the multiwindow flange
and to the end flange of the set of copper waveguides under pressure. A stainless
steel vessel separates the machine vacuum from the volume surrounding the
copper waveguides also kept under pressure to avoid deformations of the thin
(0.6 mm) walls of the waveguides.

3.5.3 Microwave Power Transmission

The RF power must be carried from the generators to the plasma, over a
distance of about 40-50 m, by oversized waveguides to obtain the lowest possible
transmission attenuation.

Fig. 3.24 Schematic drawing
of the coupling structure
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In the case of the 500 kW side-coupled cavity gyrotron, r ?ctangu!ar WR 430
waveguides will be used in the fundamental TEio mode, with a resulting
theoretical attenuation of 1 03 dB/100 m. All the components of the transmission
line (tapers, power dividers, etc ) are conventional

In the case of the 1 MW, conventional gyrotron, the RF power will be carried
by circular C 18 waveguides, in the circular TEoi mode, providing an attenuation
of less than 0.2 dB/100 m. At the end of the line, a 1/12 power divider-mode
converter is necessary to feed the coupling structure in the TE10 mode. Other
special components of unconventional design (mode converters, mode filters,
bends, etc.) are necessary to complete the transmission line; all of them will be
developed and supplied by the 1-MW-tube manufacturer. The first acceptance
tests on the special components are foreseen by the end of 1988.

3.5.4 High Voltage Power Supplies and Modulators

The lower hybrid RF system is supplied by eight thyristor-regulated high
voltage power supplies (HVPS), each one composed of

• A 20 kV/500 V step-down transformer to supply the thyristor voltage
regulating unit with a voltage level compatible with the thyristor inverse
volt-ampere characteristic.

• A thyristor voltage regulating unit to regulate the HVPS voltage up to 100 kV
dc. This unit is also used as a fast-switching unit in the protection system to
reduce the rating of the crowbar.

• A step-up transformer with two secondary windings.

• Two, series connected, six-phase diode bridges. A parallel connection of the
two bridges is also possible, by use of a suitable interphase coil, to change the
HVPS output voltage and current in case of future use of the supplies for
different applications.

• An LC filter to reduce the voltage ripple. The large inductance, in the case of a
crowbar firing, also limits the current rise rate and the energy delivered to the
crowbar before the thyristor unit switches off.

All eight HVPS's are supplied by a 150/20 kV step-down, three-phase
transformer from the mains. The cathode voltage of the two gyrotrons of a
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module is regulated within the required range { + 0.5%) by the thynstor voltage
regulating unit.

The gun-anode electrode of each gyrotron is modulated by an independent
voltage regulated power supply ( 50 kV + 0.1%) derived from the cathode
voltage This supply will be used to fast switch on and off the gyrotron oscillation
(RF pulse formation) independently of the cathode high voltage The gun-anode
modulator is also used as a protection to switch off the gyrotron oscillation in the
case of faults in the microwave system (arcing in the waveguides, high VSWR,
etc.). A crowbar protection unit using ignitrons protects the gyrotron against
internal arcing.

3.6 CONTROL SYSTEM

3.6.1 General Configuration and Conception

The FTU control system is specifically designed to control the operation of a
typical tokamak machine and to provide the users with a flexible data acquisition
system [3.6].

The control system has to guarantee different performances depending on
the different phases of the tokamak machine activity. During the experimental
pulse (" 4 s), in fact, the process control must be very fast (time resolution
between 2 commands = 1 ms),. and the FTU components must operate
synchronously. At the same time the experimental data must be synchronously
sampled and stored (sampling rate = 1 ms). Outside the plasma pulse phase, the
process control must not be very fast and each subplant can operate
independently. Only the data related to the plant operation are acquired
for plant control and status presentation or for plant testing.

The FTU control system block diagram is shown in Fig. 3.25. The system is
partitioned into three plants: machine, power supplies, radio frequency. Each
plant has the same basic structure based on the use of a PCU (plant control unit),
but the number of controlled subplants is different. Each PCU unit controls the
operation of all its subplants sending them elementary commands that are
processed by the subplant PLC (Programable Logic Controller) during the time
outside the plasma pulse. The PCU is also responsible for preprograming the FSC
(Fast Sequence Controller) unit that is used for subplant process control only
during the experimental plasma pulse.
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Another important unit in the FTU control system is the FDA {Fast Data

Acquisition) that provides the experimental data acquisition during the pulse.

This unit is directly connected to the SCU (Supervisory Control Unit) because the

acquired data are not used for process control.

The FTU control system includes the following main features:

Process control

There are two different types of process control:

• During the experimental pulse, it is fast and there is need for synchronization
between system components. The FSC units are used in this phase.

• Outside the pulse, the process control is not so fast and synchronization
between the components is not required. In this phase FTU evolves as an
industrial process and PLCs are intensively used.

Data handling

During the process, experimental data and plant data are generated.
Experimental data are generated only during the pulse and are acquired using
the FDA unit. Part of the data is sent to the experimental DAS (Data Acquisition
System) after each pulse, and a historical file is maintained on SCU. Plant data are
always generated. These data are used for process control and/or FTU status
monitoring. The plant data processing is performed by PLC & PCU or FSC & PCU
respectively if FTU is outside or inside the pulse phase. Data are filed into the PCU
data base and only if it is specified they are inserted in a logging file.

Flexibility

The control system allows the operator to interact with the FTU system at
different levels. At local level, the operator can interact with each subplant, via a
synoptic console directly connected to the subplant PLC (Fig. 3.26). At peripheral
remote level, the operator can interact with each plant using the associated
operating console connected to the plant PCU via RS232. At central remote level,
the operator can interact with the whole FTU system using the central operating
console connected to the SCU via RS232. At remote level (central or peripheral),
the operator can operate in manual mode (i.e., initiating each allowed
command one by one) or in automatic mode (i.e., preprograming a sequence
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Fig. 3. 25 - FTU control system block diagram
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of allowed commands and executing it as a batch file). The operator skill required
at .the various levels can be different: local operator can beasubplant expert;
peripheral remote operator can be a plant expert: central remote operator can
be an FTU expert.

Configurability I'rogramability

The control system is designed to accept different configurations of plant
devices. A set of configuration parameters describes the actual hardware
configuration to the control system . The parameters are concerned with the
number of connected devices, the number of active acquisition channels, the
actual size of physical memory, and in general any parameter describing the
actual hardware configuration. Another set of parameters called programing
parameters describes the actual operating mode of a configured device to the

Fig. 3.26 - A typical synoptic monitor
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control system . The programing parameters include the actual FSC sampling
rate, the actual set of data to be logged, and in general each parameter affecting
device operating mode.

Safety

Each subplant is designed to be inherently fail safe, and the whole FTU
system is partitioned into different subplants with the objective of minimizing
the interactions between different plants and/or subplants. When the
interactions between different subplants cannot be avoided, a special connection
must be installed to prevent dangerous faults. A hardwired connection is
installed when a very fast intervention is requested. A PLC to PLC connection or a
PCU to PCU communication line is also available when intervention time is
slower.

Back-up ay a tern

Redundancy in a computer system increases the system availability. In the
case of a fault in the master SCU, a slave SCU starts to control the FTU system. The
slave SCU, in fact, on line updates a copy of the master SCU mass storage. An
operator intervention, under software controlled procedure, is requested to
switch the central operating console from master to slave SC. In the case of fault
of one of the plant PCUs, a spare PCU is used to replace the faulty one. The
operator has to switch the PCU communication connections from the faulty PCU
to the extra PCU and also has to load the specific application processing software
of the faulty PCU. During the commissioning phase, the spare PCU is used to test
microwave components of the RF plant.

3.6.2 Software Implementation

The FTU control system software implementation (Prometeo) is specially
designed to accomplish the general features stated above. A Process control
language is implemented in order to allow modification of the FTU functions,
according to the requests originating from the experiments.

The Prometeo software supports different plant configurations in order to
allow plant testing and operation in degraded conditions. The operator
interface is very friendly and provides a high degree of plant visibility
and plant controllability . The Prometeo software looks like a very flexible and
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transportable (the software is developed in C language on VAX family

computers) Industrial Automation application, with high performance on data

logging and presentation capability. The software also supports the capability to

control and record very fast events.

The Prometeo software is distributed on six computers (2 VAX 730s and 4

microVAX Ms) connected through an Ethernet link using DECNET communication

software. The MAP standard is also taken in account for peripheral connections

and communications, allowing simple future system improvements.

3.6.3 Hardware Implementation

The FTU control system is implemented using

a) Two VAX 730s as master SCU and backup SCU. The SCU performs the

following functions:

• experiment Supervisor;

• experiment data logging;

• experiment monitoring;

• FTU Supervisor;

• experiment operator interaction.

b) Four microVAX Us as machine PCU, power supplies PCU, RF PCU and spare

PCU. Each PCU provides the following functions:

• plant process control;

• plant process monitoring;

• plant operator interaction;

• subplant operator interaction.

c) The FSC unit (see below)

d) The FDA unit (see below)

e) A sophisticated analog measurement, acquisition, and remote transmission
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system was developed by ENEA in order to maintain analog signal integrity in
a highly disturbed environment. The system is modular and configurable.

in) A Unit

The FDA (Fast Data Acquisition) unit provides the acquisition of
experimental pulse data (Fig. 3.27). This unit has the capability to sample signals
to be acquired with a sampling rate = 1 kHz. The unit has a 4 kbyte local memory
and has the capability to record events with a duration of up to 4 s. The FDA
supports simultaneous acquisition of more than 200 sampling channels and data
transmission to SCU via Fiber Optical link. The FDA unit is based on CAMAC
standard modules.

FSC Unit

The FSC unit provides FTU with standard timing system functions and also
makes it possible to control the command sequence during the tokamak pulse.

The unit is ten thousand times faster than the PLC unit used for the FTU
subplants. The FSC main features are:

• generation of a preprogramed command sequence with time resolution of 1
ms;

Fig. 3.27 - A typical FDA CAMAC crate

117



FRASCATI TOKAMAK UPGRADE

maximum command length of 166 s (typical FTU command sequence length is

20 s);

plant expected states continuous verification and state masking capability;

plant-alarm detection;

capability to initiate a recovery command sequence as soon as a faulty

condition is detected during the preprogramed command sequence;

full host computer programability,;

generation of preprogramed analog waveforms;

capability to drive eight independent command sequences;

possibility of synchronization between different FSC units;

real time fault detection;
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• event recording to allow off-line sequence analysis;

• hardware modularity.

The FSC hardware structure is shown in Fig. 3.28. The FSC consists of both

commercial standard CAMAC modules and dedicated hardware logic (Fig. 3.29).

The PCU is connected to the FSC unit using a CAMAC interface with bit-mode

fiber optic serial highway. The main CAMAC modules are a commercial function

generator; a dedicated event recorder with commercial memory buffer; t iming

modules for generation of command sequences, expected state sequences, and

recovery sequences; an I/O register used to read the hardware status.

The dedicated hardware performs the comparison between the expected

states and the unmasked plant states and starts the recovery sequence as soon as

a plant-alarm or a plant fault is detected. The FSC is a modular unit and it is

configurable according to the plant characteristics.

3.7 RADIOLOGICAL HAZARDS AND SAFETY

During 1986 the following systems were realized for the radiological safety
oi \he FTU machine:

a) The neutron monitoring system (Fig. 3.30) which includes a Rem-counter
detector; a read-out unit; a microprocessor connected with the radiological
data acquisition chain.

b) The gamma monitoring system. Great care was taken over the choice of the
ionization chambers to be used inside the FTU hall in order to minimize the
neutron activation

c) A monitor for activated gases, requested by the regulatory commission. The
system (see Fig. 3.31) is based on a GE Detector, which is also suitable for
gamma spectrometry.

d) The software for the radiological data acquisition and presentation. All the
data, including the status of the machine, are displayed on an interactive
synoptic table located at the Health Physics Laboratory (see Fig. 3.32).

The access control system, which includes a solid state personnel dosimetry
system, has been designed and is now under construction. Figure 3.33 shows one
of the dosimeters with the calibration unit.
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Fig. 3.29- A typical FSC CAMAC crate

Fig. 3.30- Neutron dose monitor system
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3.8 INFRASTRUCTURES

During 1986 the building erection work was continued. A few months'
delay was incurred due to the financial problems encountered in satisfying the
more specific requests formulated in the detailed design of the civil works and
service plants

The complex, which houses the electrical power supplies, is completed (see
Fig. 3.34), and installation work of the different components is well under way.
Work on the rest of the buildings has also progressed. Figure 3.35 shows the

Fig. 3.31 - Monitor for activated gases
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Fig. 3.32- Synoptic table displaying the radiological safety systems,
including the status of the machine

Fig. 3.33 - Dosimeter with calibration unit
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Fig. 3.34 • General view of the electrical power supply complex

Fig. 3.35 - Shielding beam for the tokamak hall during installation
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Fig. 3.36 - General view of the tokamak hall

installation of the shielding beam separating the tokamak hall from the adjacent
experimental rooms during machine operation. Figure 3.36. shows a general
view of the tokamak hall and related control and RF buildings and the assembly
hall. The completion of the buildings is now foreseen for fall 1987.
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300 kV accelerator section of the neutron generator
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4. Fusion Reactor
Engineering

4.1 INTRODUCTION

The activity during 1986 in the field of Fusion Reactor Technology at ENEA

was mainly carried out in the frame of the European technological tasks; all the

pertinent contracts with the Commission (directly or via NET) have been

extended to 1987 (see Table 4.1).

The collaboration with the joint Research Centre of ISPRA on the use of the

cyclotron and the analysis of irradiated structural materials progressed rather

Mowly during 1986,mainly due to delays in personnel recruitment. For the very

same reason, the interaction between reactor engineering and plasma

engineering (in particular plasma-wall interaction) is not satisfactory.

During 1986 contacts with the ENEA Departments involved in fission

technology (thermohydraulics, thermomechanics, f luid dynamics, etc.) were

made in view of a possible broadening of the ENEA programs on blanket

technology.

In the fol lowing chapters, the latest news (1986) is reported for the

technological areas of ENEA interest: conceptual studies; neutronics;

superconducting magnets; blanket materials; safety and environment; remote

maintenance.

4.2 CONCEPTUAL STUDIES

The Conceptual Design Area (of the Fusion Reactor Engineering Project at

ENEA-Frascati) is mainly involved with NET-oriented studies. During 1986

activities were carried out on the following tasks of the European technology

program:

• Blanket design studies (development of solid blanket concepts for NET, task

Bi);

. Shield design studies (neutronics of the NET shield, task N2);
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Table 4.1 - Tasks proposed by ENEA departments (updated end 1986)

TASK

B1

B2

N1

N2

N4

M2

M3

B11

B12

B13

B15

B16

S + E5.4

RM3

TITLE

BLANKET ENGINEERING

Blanket Design Studies

Development Computational
Tools for Neutronics

Plasma Facing Components
Design Studies

Shield Design Studies

NET Water-Cooled LiPb
Blanket

SUPERCOND. MAGNETS

SULTAN

Develpment of High Field
Composite Conductors

SOLID BREEDERS

Fabrication of Ceramic Breeder
Material

Characteristics of CB Mat.

Measurements of Phys. Mech.
Chem. Properties of CB Mat.

Irradiation Testing of CB Mat.

Tritium Recovery from CB Mat.

SAFETY & ENVIRONMENT

Overall Plant Accident Scenario
for NET

REMOTE MAINTENANCE

Handling Equipment for In -
Vessel Components

ENEA
DEPT*

FUS

FUS^TIB

FUS

FUS

FUS

FUS

FUS

TIB

TIB

TIB

TIB

TIB

TIB

FUS
/DISP

TIB

EUROPEAN
PARTNERS

JRC Ispra; KfK
CEA;UKAEA
University

JRC; Ispra; KfK
CEA

CEA; ECN

CEA; CEN JRC;
Ispra

SIN; ECN;

SIN; ECN; KfK
CEA

CEA; KfK; ECN;
MOL;UKAEA

CEA;KfK

CEA;KfK;CEN

ACTIVITY
PERIOD

86-87

83-87

86-87

85-87

85-86

83-87

83-87

83-87

83-87

83-87

83-87

83-87

86-87

85-87

*FUS: Dipartimento Fusione
TIB: Dipartimento Tecnologie Intersettoriali di Base

DISP: Direzione Sicurezza Nucleare e Protezione Sanitaria

128



FUSION REACTOR ENGINEERING

Design study of a 17Li83pb/water cooled blanket for NET (neutronics analysis

of the NET blanket design, task N4).

The investigation of the hybrid toro ida l magnet concept of the NET

application was also completed.

As far as the first wall design and manufacturing feasibility study (task N1)

is concerned, the subcontract to a national industry (Ansaldo, Genoa) was

approved by ENEA on December 1986. This activity started during February 1987

and wil l constitute an important part of the work to be performed during the

year, together wi th

• the continuation of solid blanket design studies for NET (task B1) and

• neutronics analysis of the NET shield (task N2);

• and the completion of neutronics calculations for the liquid breeder NET

blanket (task N4).

4.2.1 Hybrid Toroidal Magnet Tokamak Reactor (HTMR):
Application to NET

The conceptual study of a hybrid toroidal magnet tokamak reactor (HTMR)
has been completed by analyzing in detail the application of the hybrid toroidal
magnet concept to NET [4.1].

General considerations

The idea of using a hybrid toroidal field magnet configuration in next
generation tokamak reactors has received careful attention in recent years due
to potential advantages such as,

• the possibility of reducing the shield thickness and using the copper coils
themselves as a shield for the superconducting coils;

. the possibility of using mature superconducting materials like niobium

titanium;

, the reduction of stored energy in superconducting toroidal field (TF) coils.

The large amount of work performed on the hybrid concept in cooperation
with ANSALDO (under an EURATOM-ENEA Fusion Association Contract) leads to
the following conclusive considerations:
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i) The limiting factor on shield thickness is the radiation damage on the

insulator and, therefore, also with copper windings, a real reduction of the

shield thickness can be obtained only by using ceramic insulators, which does

not seem to be a feasible and reliable solution as regards either the

manufacturing or the operation of magnets, at least in the near future.

ii) The total thickness of the magnet in the tokamak radial build is higher for a

hybrid magnet than for a wholly superconducting one due to the reduction

of current density in the conductor and to the mechanical stresses which

require the presence of thick stainless steel

As a consequence, there is a considerable reduction of the overall current

density.

/'//) The power consumption connected to a hybrid TF magnet configuration is

high both for a solution with water cooled copper windings and for a solution

with cryogenic coils where a very large and expensive refrigerating system is

required.

In general it should be said that for NET the power required to operate the

resistive insert coils is comparable to the total power consumption of the plant.

That obviously makes the hybrid configuration less attractive also as a possible

solution for power reactors. These considerations have led to the conclusion that

hybrid toroidal field coils should be proposed as an alternative in next

generation tokamaks if there is a real need for them, e.g., if strongly delaying

problems should be met in the development of high field superconductors.

Hybrid coils for NET

On the basis of the results obtained in the HTMR conceptual design, studies

have been made on the possibility of inserting a hybrid toroidal magnet in the

NET double null configuration in order to avoid the use of NbSn high field

superconductors.

The hybrid magnet consists of 16 superconducting forced-flow-cooled NbTi

coils, with an 8 T maximum field on the superconductor and an averaged current

density (including helium channels and stainless steel reinforcing) of 21.5

MA/m2. Inside the bore of each superconducting coil there is a copper winding

which is able to increase the toroidal field on the plasma axis up to the 5 T

required by the NET specifications. Two solutions have been considered for

these resistive windings, water cooled, and cryogenic at liquid nitrogen

temperature.
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No major modification of the NET layout is required by the substitution of

the NbSn toroidal magnet with the hybrid one. Just a reduction of the shield is

needed in order to allocate a 15 cm overall increase of the toroidal magnet

thickness in both solutions for the resistive coils. The reduction is compatible

with an option for NET performance at the lower level as regards neutron

fluence (0.3 MW y/m2), unless a radiation dose higher than 2.108 rad is allowed

in the copper winding insulation.

Thermohydraulic and stress calculations have been performed in order to

define the features of the cooling and electrical feeding system of the magnet in

the two cases which are described in Tables 4.11, 4.111, respectively. On this basis,

preliminary designs of the coils and their insertion in the NET configuration have

been obtained, as shown in Figs. 4.1,4.2.

4.2.2 Studies on Solid Breeder Blankets for NET (Task B1)

The blanket design activity has been concentrated on concepts based on
the use of helium-cooled ceramic breeder materials with contributions from
ENEA in three different concepts or configurations: II Mantello and its natural
application to NET (i.e., the breeder in poloidal tube blanket); the breeder out-
of-tube NET blanket; and, neutronics calculations for the liquid breeder blanket
for NET (see Sec. 4.2.3).

Although such diversity in the studies leads to direct involvement with
several designs and thus intimate knowledge of the merits and disadvantages of
each of the main concepts presently candidate for NET, it is still too early to
make a final choice for the NET blanket, at the present stage.

General considerations

The study of // Mantello in its reference design was completed during 1986
[4.2]. A thorough analysis was carried out on a final version of the design which
makes use of a mixed breeding moderator material (Be and YL'Aln2 separated
by a thin steel sheath to avoid chemical compatibility problems). This leads to a
remarkable increase in the tritium breeding ratio (TBR) and to much more
uniform distributions of nuclear heating and tritium production, compared with
those occurring in all the designs where the Be multiplier is placed between the
first wall and the breeding region.

The problem of inserting modules of // Mantello within the NET first wall
boxes was also investigated. The vertical removal scheme for the NET boxes leads
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Table 4 II - Parameters of the TF SBC (Silver Bearing Copper) Coils

Number of coils

Number of turns per coil

Total number of turns (electrically in series)

Total current

Current per coil

Current per turn

Inner current density

Outer current density

Inner resistive power (16 coils)

Outer resistive power (16 coils)

Total resistive power (16 coils)

Cooling medium

Number of cooling channels per turn

Flow rate {16 coils)

Water velocity

Water inlet temperature

Water outer temperature

Max temp, of copper

Voltage between turns

Voltage between coils

Voltage to the ground

Insulation material

Pressure drop

Pumping power

Von Mises stress of

- Inner support

-Winding

16

30

480

41.5 MA

2.6 MA

87.29 kA

9.35 MA/m2

6.04 MA/m2

84 MW

66 MW

150MW

Deionized water

3

1194kg/s

4.12 m/s

20 °C

50 °C

64 °C

4V

120 V

1.92 kV

epoxy resin ARALDITE F
fibreglass reinforced

2.4 bar

0.3 MW

290 MPa

145 MPa (medium)

230 MPa
(maximum)
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to the need of poloidal collectors, thus substracting valuable space from the

breeding volume of the blanket. The lost space increases wi th increasing

engineering design simplicity. Furthermore, in order to save space, the canisters

have not been conformed to the ASME pressure vessel code.

The main conclusion from the work on II Mantello was to change the

design so as to contain the coolant in the tubes and make it run along the

poloidal direction in the breeder volume. Accordingly, the study of a blanket for

NET has been initiated, where both the coolant and the breeder-multiplier

material are contained in poloidal tubes. A reference configuration has been

chosen and a very preliminary analysis has been performed. In t ry ing to

Table 4. Ill - Parameters of the copper coils (LN2 Cooled)

Number of coils

Number of turns per coil

Total number of turns (electrically in series)

Total current

Current per coil

Current per turn

Current density

Total resistive power

Specific power

Voltage between turns

Voltage to ground

LN2 temperature

Copper mean temperature

LN2 flow rate (per coil)

LN2 velocity

Copper weight

S.S. support weight

Total weight of the magnet

Total refrigerating power

Von Mises stress of the support

Von Mises stress of the copper

16

30 (90)

480 (1440)

41.5 MA

2.6 MA

87.29 (29.10) kA

9.24 MA/m2

32 MW

0.31 W/cm3

0.7 V

430 V 1.3 kV

77 K

94 K

56.5 £/s

1.1 m/s

701 x coil

211 x coil

14501

250 kW

264 MPa

160 MPa
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Fig. 4.1 - NET equatorial view (H2O cooled SBC coils)

Fig. 4.2 - NET equatorial view (LN2 cooled copper coils)
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maximize the TBR, first priority has been given to engineering simplicity

considerations, wi th special emphasis on the mechanical and thermal aspects of

the design. The maximum possible use has been made of the wel l-proven

technology of fission fuel rods. A TBR of 0.69 was estimated for the outer

breeding blanket wi th an inboard reflector (to be compared, e.g., to the value of

0.67 for the // Mantello in the mixed version). The TBR increases up to 0.85 in the

presence of an inner breeding blanket. A detailed study of this breeder in the

(poloidal) tube (BIT) blanket for NET is planned for 1987.

The fol lowing studies on the ceramic breeder out-of-tube (BOT) blanket

here been carried out in direct collaboration with the NET team:

• thermal and stress analysis (by means of 2-D codes of the CASTEM system)

[4.3];

• preliminary analysis of the cooling pipe break event;

• neutronics(by meansof the 1-D ANISNcode);

• t r i t ium dynamics (estimation of tr i t ium inventory due to diffusion and surface

absorption).

The fol lowing steps in the analyses are planned for 1987:

• thermal and stress analysis by means of 3-D codes of the CASTEM system;

• neutronics by means of the Monte Carlo neutron photon (MCNP) code in 3-D

geometry;

• global t reatment of the t r i t ium dynamics problem, including chemical

trapping phenomena.

II Mantello

II Mantello is an engineering design study of a helium cooled blanket for
NET using solid (ceramic) breeder materials (yLiAl02 or U2O) and solid neutron
multipliers (Be or

The analysis has shown that the TBR of // Mantello blanket in its reference

configuration is adequate for NET application. However, it wou ld be very

di f f icul t to achieve a TBR equal to one for commercial reactor or DEMO

application using a poor Li-atom density material like yLiAlO^. For this scope.
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L12O with its high Li-atom density, but also with its problems of chemistry, should

be used.

Moreover, there is a typical nuclear effect of Be t!.at occurs in all the

designs where the Be multiplier is placed between the first wall and the breeding

region. Of course, it has also been observed in // Mantello: when Be is used as a

multiplier, strong nonuniformities in nuclear heating and tritium production

(and, hence, in temperature distribution and tritium inventory) come out in the

form of undesirable spikings at the interface between Be and other materials

(first wall structure and breeder). Such disadvantages could be avoided by using

ZrsPbj which, however, leads to lower values of TBR and is still a not well-

known multiplying material (and, therefore, would need a vigorous R&D

program).

A way to get out of such an intricate situation and, hence, to design for NET

a reactor relevant ceramic breeder blanket, consists of using proper Be/ceramic

breeder mixtures that exploit the moderating properties of Be leading, as is well

known, to a remarkable increase in TBR and to much more uniform distributions

in nuclear heating and trit ium productions. Such a solution has been also

adopted for // Mantello, for which the use of an 80% (volume fraction) Be +

20% yLiAI02 mixture may lead to an increase of 25% in TBR (at least in a ful l

coverage 3-D geometry with equal inboard and outboard blanket thicknesses).

The breeder unit consists only of tubes containing both the multiplier and the

breeder materials (separated by a thin steel sheath to avoid problems of

chemical compatibility. This leads to remarkable changes in the thermohydraulic

layout of the canisters.

Inserting the // Mantello canisters in the NET-DN boxes requires further

changes in the design. The box consists of a first wall, two lateral sides, and a 10

cm thick back plate. Two aluminium plates have been placed on the lateral sides

to provide saddle loops for plasma stabilization. The poloidal section of such an

outboard first wall is an arch of a circumference centered at a midplane point

2.58 m far from the torus axis (this allows for the divergent poloidal walls for the

canister, see Fig. 4.3). The structural material of the box is SS AISI 316

(consequently, this austenitic steel, instead of HT-9, has been considered for the

structure of II Mantello moduies).

We have considered a configuration where the outboard breeding blanket

is faced by structural material in the inboard region acting as a reflector. Three-D

neutronic calculations have been performed by using the continuous MCNP
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code. The TBR with the outboard NET-DN boxes filled by // Manteiio canisters

amounts to 0.67 with a maximum annual depletion of 10% in the hottest tube.

Design parameters and main thermohydraulic results based on the neutronic

input data are summarized in Table 4.1V.

In order to strongly reduce tritium permeation from the breeder volume to

the main coolant, the siliconized SiC glass may be used as a chemical barrier. For

a SiCV thickness of 10"4 cm, the overall loss of tritium to the coolant helium is

estimated to be about 1 g/d. As far as the tritium inventory in the breeder

volume is concerned, two main contributions due to diffusive and trapping

phenomena have been considered. A diffusive contribution of 30 g has been

calculated , while a trapping inventory of about 1 kg is found by using a proper

Monte Carlo code that has been set up to analyze tritium trapping due to

vacancies induced by neutron irradiation.

The problem of assembling the // Manteiio canisters in a NET-DN torus

segment consists in containing the poloidal forces acting on the canisters and

, „ 100 .
PRESSURE VESSEL .TLOW DISTRIBUTION

' GRID

HELIUM
INLET -
CHANNEL

Fig. 4.3 - The // Manteiio: cross section through a blanket module
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providing the coolant lines to the blanket compatibly with the oblique scheme of

the NET maintenance concept As the canisters are mutually supporting in the

poloidal direction, NET forces arise that act on the extreme canisters. These

forces may be supported by two 10 cm thick poloidal closures of the box.

Furthermore, as each canister rests on the back plate of the box with a pressure

load, due to the poloidal curvature, of about 0.4 MPa, the back plate must be

stiffened by a hallow plate which also provides the space for cooling helium

distribution

The finite element 3D code BILBO of the Castem system (see, e.g., a 3-D

mesh of the NET box in Fig. 4.4) has been used to calculate the pressure stresses

on the canisters and box. The maximum Von Mises stresses are 80 and 50 MPa,

respectively. Further thermal contributions on the canisters are estimated to be

about 50 MPa, so that the global level of stresses appears to be acceptable

(similarly, a maximum overall VM stress of 140 MPa was obtained fo ra standard

canister in the old design, see Figs 4.5,4.6 for a 3-D mesh) [4.4],

The breeder in poloidal tube blanket

On the basis of the conclusions of // Mantello study, a mixed poloidally
cooled blanket for NET has been examined. The following input data and criteria
have been adopted forthe design:

fluence= 1.5 x

. Y L i A l °2 swelling = 0.3%,

yLiAlO2 temp, window = 300-900 °C,

Be swelling = 1-2%,

• taking into account differential
thermal expansions of materials,

• minimizing the number of weldings
facing the plasma,

• minimizing the number of tubes

In trying to maximize the TBR, first priority has been given to engineering

simplicity considerations, with special emphasis on the mechanical and thermal

aspects of the design. The maximum possible use of the well-proven technology

of fission fuel rods has been made. By using the solution proposed in Fig. 4.7, the
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available equatorial cross section of a NET box can be filled up to 80% with 7-10

cm diameter tubes. As the breeder cross section is conserved along the poloidal

direction, there is a relative improvement of the box radial dimensions up to 29

cm. However, a part of the box depth can be recovered as a neutronic screen.

A poloidal section of the poloidal tube is shown in Fig. 4.8. It is a 7 m long

coaxial system wi th a poloidal curvature radius of about 4 m. On the bot tom side

it is closed by an a elliptically shaped dished-end so that the outer tube acts as a

pressure vessel containing a complete breeding modulus. The coolant enters

from the outer side keeping both Be and structural steel at a temperature as low

as possible. The coolant comes out from the inner part of the tube, after cooling

the breeder rod. Beryllium annuli wi th outer sheaths are assembled on the inner

tube which acts as a f low separator. The yLiAI02 pellets are placed in a tubular

sheath clad (e.g., by SiC) on its outer side in order to prevent tr i t ium permeation.

The He-purge f low is derived from the main one and flows through the

central holes of the pellets. It is purified outside the machine before joining the

main f low again.

The main parameters and features of the concept are shown in Table 4.V.

Power density and TBR have been calculated by using the 1-D ANISN code

and 3-D estimations based on previous results on // Mantello in the mixed

breeding-moderator material version. Thus a TBR of 0.69 was estimated for the

outer breeding blanket wi th an inboard reflector. This value increases up to 0.85

in the presence of an inner breeding blanket.

As far as the tr i t ium inventory is concerned, adsorption of t r i t ium on the

Table 4.1V - Thermohydraulic data for the equatorial canister

Canister thermal power

Helium pressure

Helium temperature (inlet/outlet)

Helium mass flow rate

Pumping power (perc.ofth. power)

Canister wall max temperature

yLiAIO2 min/max temperature

Be min/max temperature

Steel tube max temperature

228 kW

5MPa

625/725 K

0.44 kg/s

0.2%

640 K

655/900 K

650/662 K

635 K
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A = 50 MPa I = 130 MPa

Fig. 4.4- 3-D Mesh of a NET box (CASTEM code) Fig. 4.5- 3-D mesh of a standard canister
of II Mantello, first version (CASTEM Code)

Fig. 4.6 - Assembly of // Mantello canisters
in a NET box: piping layout Fig. 4.7- The poloidal tube assembly
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given surface can be prevented by adding hydrogen to the purge helium (flow

> 0.01 cm3/s), and the diffusive inventory is estimated to be below 100 g. A

detailed study of the poloidal tube is planned aiming at opt imiz ing its

performance.

The breeder outof-tube in the NET blanket

Within the frame of the direct collaboration with the NET team on the
breeder out-of-tube (BOT) NET blanket (see, e.g., W. Danner, NET Internal
Report NET/IN/85-030, 1985), the main ENEA contribution is concerned with
detailed thermal and stress analyses by means of the CASTEM code in 2-D and
3-D geometries. One-D neutronic calculations have also been performed by
means of the ANISN code: 3-D analyses by the Monte Carlo neutron photon code
are planned forthe near future.

Regarding the tritium dynamics problems, analyses have been made of the
chemical and diffusive processes of tritium that occur, under neutron irradiation,
in helium-cooled and purged yLiAI02 breeder material. Proper models have been

•OUTER TUBE ( s.s)

,PURGE He FLOW
OUTLET

COOLANT He OUTLET

FL « SEPARATOR

-COOLANT He INLET

PURGE He FLOW
INLET

BOTTOM-SIDE
DISHED-END

Fig. 4.8 - The poloidal breeding module
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Table 4. V • Main features of the poloidal tube

Outer diameter
Total length
V L1AIO2 weight (average)
Be weight (average)
S.S weight (average)
Total weight
Number of tubes for each outer box
Total number of tubes (48 outer boxes)
Outer tube thickness
Outer tube v.M. stress
Outer tube maximum temperature

He coolant inlet temperature
He coolant outlet temperature
He pressure
Cooling pumping power percentage
He maximum speed
YIJAIO2 thermal conductivity
Be thermal conductivity
VL1AIO2 maximum temperature
YIJAIO2 minimum temperature
Be maximum temperature
Total extracted power (outer blanket)

Global breeding (Be + yLiAlO^) volume fraction
Global S.S. volume fraction (including NET box)

yLiAI02

Maximum density power (1st row) { Be
S.S.

YLiAI02

Minimum density power (7th row) { Be
S.S.

YUAIO2 density
Be density
Li enrichment
Be to YIJAIO2 volume ratio (1st,2nd, other rows)
TBR (outer blanket)
TBR (outer + inner blanket)
He purge volumetric flow
He purge flow pressure
Diffusive tritium inventory

8 cm
7 m
7 kg

30 kg
47 kg
84 kg
77

3696
2.5 mm

80MPa
350 °C

250 °C
425 °C

SOAtm
2%

50m/s
1.2W/m°C

100 W/m °C
900 °C
350 °C
350 °C
300 MW

35%
15%

30W/cm3
5.6W/cm3

10.7W/cm3

4W/cm3
0.3W/cm3

1W/cm3

80% T.D.
80% T.D
75%

90/10,85/15,80./..
0.69
0.85

0.01-0.1 cm3/s
MOAtm

< 100 g
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developed to describe these phenomena, which give quantitative evaluations

useful for a preliminary design of the control for tr i t ium dynamics. The fol lowing

topics concerned wi th tr i t ium dynamics have been investigated: tr i t ium diffusive

inventory, t r i t ium trapping, tr i t ium adsorption on the grain surface, t r i t ium

permeat ion t h rough the walls of the stainless steel tubes, and t r i t i u m

permeation from the plasma to the coolant through the first wall.

An ad hoc Monte Carlo code has been set up to analyze tr i t ium trapping

phenomena due to vacancies and defects induced by neutron irradiation. The

problem of t r i t ium permeation through the walls of the stainless steel tubes has

been analytically solved by inserting the results of the diffusive analysis into the

mass balance equation for the permeating gas and also taking into account the

resistance to the permeation of proper barriers made of silicon carbide. A proper

code has also been developed to calculate the tr i t ium flux from the plasma to

the coolant of the first wall for typical values of the ion flux under NET operating

conditions. In this code, tr i t ium recombinative processes are treated on both

sides (plasma and coolant) and as a function of the local temperature. The results

of the analyses for the BOT blanket are summarized in Table 4.VI. Similar results

were obtained for // Mantello design.

A preliminary analysis of the pipe break event has been performed leading

to the fo l lowing conclusions:

• The analysis o"f the pressure distribution on the walls of the box at the break

event time (t = 0) has to be made by means of the PLEXUS code (CASTEM

system);

Table 4. VI - Tritium inventories and losses for the ceramic
(yUAI02) BOT Blanket for NET

Diffusive inventory

Trapping inventory

Surface adsorption inventory
(=» diffusive inventory)

Loss to the main coolant
(with SiC chemical barriers)

Permeation through the first
wall (ion flux = 1 x 10'6atms/cm2 s
NET availability 4h/d,pulse
length = 500 s,
sticking factor = 1 x 10-3,
Twall = 320-450 °C,
thickness = 1 cm)

900 g

« 2500 g

= 900 g

2x10-4cm3s

0.2 g/d
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• The analysis of the pressure diffusion through the breeder ( t > 0) has to be

made by using the RELAPcode;

• The design base accident (DBA) is the break of a side tube;

• The first impact of this study on the present BOT blanket design is the need

for a perimetral gap between the blanket and the f irst wal l box:

consequently, for the pebble bed case, an inner shell has to be provided as a

container.

Thermal and Stress Analysis. The two versions of the BOT blanket design (first

and second design steps) proposed by the NET team have been analyzed from

the thermal point of view (see also A. Cardella, NET \nternai Report NET 86/NE/S-

018,1986). Both versions consist of a blanket with a 85% TD yLiAlO.2 ceramic

sintered breeder zone (matrix made, e.g., of sintered bricks) in front of which, on

the plasma side, a Be multiplier layer is located. Helium cooling pipes are buried

in the breeder matrix in the poloidal direction. The steel box structure, envisaged

for NET as a first wall box or a blanket container with a separate first wall panel,

envelopes the BOT blanket segment.

The analysis is concerned with the equatorial section of the blanket and is

performed by using thermal 2-D finite element codes of the CASTEM system.

Very detailed discretizations of the structure have been carried out (Fig. 4.9) in

order to investigate the real blanket thermal behavior under thermal loads and

during the normal operation. A computer program for the automatic changing

of tube diameters and locations in the mesh has also been developed in view of

a parametric analysis.

Detailed temperature distribution maps have been obtained (see, e.g..

Fig. 4.10). The results substantially confirm the preliminary dimensioning of the

breeder cooling system performed by the NET Team. A maximum breeder

temperature of 816 °C has been calculated.

In the breeder volume back region the temperature is low compared to the

required temperature for an easy tritium release. However, it can be raised by

changing the cooling tube distribution. Too high a temperature has been found

in the aluminium saddle loops (Tmax = 732 °C, above the aluminium melting

temperature; i.e., 690 °C); therefore, proper cooling tubes (running through the

aluminium structure) must be included in the design. The Be temperature results

to be in the design range. However, a rather optimistic assumption has been

made that a good thermal contact occurs at the box wall/beryllium boundary
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Fig. 4.10 - Temperature distribution
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(contact heat coefficient = 2500 W/m2 °C). Actually the true thermal contact
depends on a lot of factors which, to date, have not been investigated (e.g.,
material thermal deformation, fabrication, assembly procedures). Thus, to
ensure sufficient cooling, further tubes should also go through the Be plate.

Cracking phenomena of the ceramic material are generally considered to
be a critical issue of a BOT blanket because of their impact on the breeder
operation temperature. An evaluation of such effects has been performed on
the basis of a possible breeder cracking scenario [4.5].

Breeder cracking in the ceramic blankets is mainly due to thermal stresses,
so, in the first step of the analysis, a parametric stress analysis of the critical
breeder region was carried out in order to evaluate the stress level in the
uncracked structure as a function of the thermal load. Based on the results
obtained, assumptions on the location and shape of the cracks were made and a
thermal analysis of the cracked breeder material was then performed. All the
analyses were carried out using the finite element codes of the CASTEM system
for the equatorial section of the segment where the thermal load has the
maximum value. The most stressed breeder region is located on the plasma side;
hence, the evaluation of the stress level was performed considering a breeder
brick located in this region.

The parametric stress analysis was performed using a 2-D geometry and the
plain stresses assumption, due to the small thickness of the brick in the poloidal
(z) direction. Such an assumption leads to a stress level a bit lower than the real
one, but some 3-D calculations confirmed the good degree of approximation of
the 2-D results.

Figure 4.11 shows the stress distribution for full power density. In
particular, the figure shows the regions of the breeder where the stress is greater
than the tensile fracture value (of = 50 MPa). As the stress is tensile in the cold
regions (near the tube) and compressive in the hot regions, a generalized
breeder cracking arises in the cold regions and is then propagated to the hot
regions. The calculated maximum tensile stress becames lower than of when the
power density is reduced by a factor 0.25.

Based on these results, some hypotheses on the location and shape of
cracks can be made. It is very likely that the cracks will be mainly oriented in a
radial direction with respect to the cooling tube. Moreover, most of them will be
located on the plasma side of the breeder brick. A thermal analysis of the cracked
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brick was performed considering the cracking pattern shown in Fig. 4.12, where

the temperature distribution of the cracked brick is also given.

Based on the results obtained, cracking effects do not appear really critical

from the thermal point of view. Naturally, such a conclusion has to be confirmed

by experiments. In any case, the increase of the temperature due to the breeder

cracking (= 60-70° for a crack width of 250 pm) can easily be taken into account

in the thermomechanical design of BOT blankets.

Moreover, more important problems induced by cracking are probably

concerned with the containment and control of the breeder fragments within

the blanket segment steel boxes, in particular during the maintainance phases

and in the case of a pipe break accident. Such operational problems should be

carefully investigated.

4.2.3 Neutronics of the Liquid Breeder Blanket for NET (Task N4)

First neutronics calculations on the liquid breeder blanket for NET have

been performed in order to evaluate heterogeinity effects due to real features of

the breeder poloidal tubes and first wall boxes. The Monte Carlo neutron photon

MCNP code has been applied to the full 3-D geometry shown in Fig. 4.13

representing a sector segment of the NET 3A outboard blanket (see, e.g., NET

Fig. 4.13 - NET 3A blanket geometry for the MCNP code (horizontal and meridian sections)
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Activity Report 1984 Nr. 34). A TBR of 1.157 was obtained. !t is about 10% below

the value 1.267 obtained under the approximation that must be adopted in 1-D

(e.g., ANISN) calculations, that is, homogenizing the material compositions

within the blanket segment. It was then concluded that heterogeneity effects

cannot be neglected and local 3-D design features must also be taken into

account.

Detailed 3-D calculations by means of the MCNP code are being performed

on the reference design of the LiPb blanket of NET-DN (see the NET Team, W.

Danner, NET/86/NE/S-011, 14.3.1986). After several tentative descriptions and

refinements, a final representing geometry (as shown in Figs 4.14 -r 4.17) has

been adopted which is suitable for MCNP calculations and adequate for the

evaluation of the blanket neutronic performance. With such a geometry it was

possible to represent

• the true D-shaped plasma neutron source, sampled by a specially wr i t ten

subroutine according to NET specifications (see NET Status Report 1985, Nr.

51);

• the toroidal geometry;

• the main poloidal and radial features of the blanket modules.

4.2.4 Neutronics of the Shielding System for NET (Task N2)

Three-D neutronic calculations by means of the MCNP code are being
performed in order to evaluate the radiation (neutrons and gamma rays) effects
on external components, outside the shielding system of NET:

• Energy deposition on the superconducting coils;

• Radiation streaming through major penetrations (e.g., the vacuum pumping
duct).

Figures 4.18, 4.19 show the geometry adopted which follows the present
design specifications of NET-DN (see W. Danner, NET Report/NE/M-017,
29.4.1986). The radiation effects to be calculated are concerned with very strong
attenuation factors (at least 106-107); therefore, the use of Monte Carlo methods
requires the adoption of drastic variance reduction techniques.

The so-called Weight Window technique has been adopted. It consists of
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/ •

Fig. 4.14-
3-0 global toroidal model of NET-DN LiPb
blanket/shield system (meridian section)

Fig. 4.15-

3-0 global toroidal model of NET-DN LiPb
blanket/shield system (horizontal section)

Fig. 4.16- Fine details of the outboard horizontal section
(see Fig. 4.15)
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-1

Fig. 4.17- Fine details of the inboard horizontal section
(see Fig. 4.15)

7 H-

Fig. 4.18 - Meridian section through the pumping duct of the NET-DN device
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an upper and a lower bound for the particle weight to play the splitting and

Russian roulette, respectively The values of these bounds depend on the particle

position and energy. Good values have to be selected on the basis of the

importance of the particles wi th respect to the radiation effect to be

investigated. An approximate estimation of such importance has been made by

means of a set of 1 -D ANISN adjoint calculations.

4.3 APPLIED NEUTRONICS

4.3.1 Laboratory Activity

Neutron source (not in the Association frame)

The construction of a 14 MeV neutron source is in progress (Fig. 4.20). All
the components to perform the source operation test without a tritiated target
are ready except for the high voltage power supply (300 kV, 10 mA) which will be
delivered on March 1987 with a delay of four months with respect to the date
stated previously by the manufacturer.The detailed design of the glove boxes
and the vacuum exhaust gas purification system has been completed by the
Canadian Fusion Fuels Technology Project.

The technical report requested by the Safety Authorities, describing the
neutron source characteristics, the shielding design of the experimental hall, the
safety system, and the safety analysis of all the installation has been completed
and forwarded. Approval has been given by ENEA to proceed with the call for
tender for the building work (improvement of the shieldings) for the hall

Fig. 4.19 - Horizontal cross section through the pumping duct of the NET-ON
device
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housing the neutron source, previously used for a less intense neutron source
(plasma focus).

The detailed design of a benchmark experiment is in progress. A new
numerical model to treat a neutron source based on D-T reaction produced by an
accelerated deuteron beam on a tntiated target, has been developed; moreover
some techniques for variance reduction specific for neutron streaming

Fig. 4.20- The neutron generator duoplasmatron ion source and analyzer magnet
mounted inside the high-voltage box
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calculation with the 3-D MCNP neutron and gamma transport code have been

tested successfully.

Neutron diagnostics for NET

The NET contract NET/84-048/PH Analysis and Preliminary Design of

Neutron Diagnostics for NET has been completed and the draft of the final

report sent to the NET-TEAM. In particular the contract deals with the following

topics:

• Calculation of neutron spectra for D-D and D-T tokamak plasmas in the

presence of powerful deuteron beams;

. High resolution 14 MeV neutron spectrometer for NET [4.6];

• Collimator conceptual design for NET;

• Calculations of total fusion power and spatial distribution of emissivity for a

D-T thermal plasma;

. NET blanket diagnostics: fission chambers; conceptual design of incore fission

chambers; magnetic influence on fission chambers; activation foils;

• Conceptual design of a neutron multi-collimator.

4.3.2 Nuclear Data Evaluation and Processing (Task B2 ENEA-TIB)

Nuclear model and codex

It has been proven [4.7] that nuclear structure may affect 14 MeV cross

sections which may exhibit large fluctuations in the high energy tail of the

spectrum. The Fermi gas model usually adopted for level densities is not

adequate to reproduce structure effects. To this end a new method was

developed for the calculation [4.8] of exciton level densities. This was based on

combinatorial calculations starting from the basis of a Nilsson model spectrum

single particle states. The BCS method was also introduced in order to account

for the pairing interaction.

The method was successfully used in reproducing structure effects [4.9]

with double differential cross sectorial of a 14.4 MeV neutron on 27AI [4.10]. A
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pre-equilibnum model of neutron capture was developed which consists of a

unification of the different theories for a compound nucleus and a direct/semi-

direct cross section. The model was tested successfully against a total y-ray

spectrum fol lowing the n+27AI reaction at 14.4 MeV. The simulated results

reproduce the exper imenta l ly measured ones, ind iv idua l ize the main

contributors to scattering, and indicate possible improvements in the collimation

design. They also al low the experimental uncertainties in recoil p ro ton

measurements to be taken into account.

Nuclear data processing

During 1986 the 175 neutron and 38 photon group cross section library
GEFF-1 (Group wise version of the European Fusion File EFF-1) was completed.
The contributions of ENEA-TIB, according to the task sharing among the
European Specialist groups, consisted in

• implementation and operation of the THEMIS code that was adopted as the
reference system for data processing;

• production of photon interaction cross sections, neutron and photon Kerma-
factors and gas production cross sections for all elements and isotopes in the
library [4.11].

Moreover work is under way to produce nuclear cross section data for the
continuous Monte Carlo code MCNP from EFF-1 basic file.

Twenty-five elements or isotopes have already been processed to obtain
neutron cross section data.

Work is in progress to include photon production and photon interaction
data.

4.3.3 Neutronics Numerical Software VINIA 3 DAMC

The first semester of 1986 saw the completion of the parametric study
of port degrading effects ontokamak blankets as regards the dependence of
the tritium breeding ratio (TBR) and neutron leakage (NL) as a function of the
number of openings, their total opening area, and blanket thickness for both
liquids and ceramic breeder candidates with/without berillium multipliers.

The work allowed the definition of semiempirical analytical formulae to
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calculate the TBR and NL for the cases with ports on the basis of the results of

the unported design. These formulae are useful to reactor design engineers to

save computational time and effort.

The results of the VINIA software were validated in early 1984 comparing

them with the ARGONNE computations (reported at the February 1985 FTSC

meeting).

During the second semester of 1986, in cooperation w i th ASDEX-IPP-

Garching, the VINIA code was applied to simulate the nuclear emulsion

neutronic diagnostics on ASDEX. This investigation constitutes a benchmark of

VINIA against experiments. The results in elaboration indicate good agreement

and wil l be prepared for a publication.

The simulated results reproduce the experimentally measured ones,

individualize the main contr ibutors to scattering, and indicate possible

improvements in the collimator design. They also allow the experimental

uncertainties in recoil proton measurements to be taken into account.

4.4 SUPERCONDUCTING MAGNETS

4.4.1 SULTAN Project (Task M2)

A careful thermal analysis has been carried out in order to estimate the

temperature distribution within the windings of the ENEA-SULTAN 12 T coil in

operating conditions. This has been done to take into account the

heatexchanger effect, i.e., the counterflow of the incoming cold and outgoing

warm helium. The results of the thermal calculations show that a tolerable

temperature rise has to be expected in a layer-wound coil, provided that the

circulating liquid helium is warmed up only by the isenthalpic expansion [4.12].

Accordingly, a layer-wound coil has been preferred to a construction by

pancakes. In this way there will be no need for electrical and hydraulic

connections in the high field region. Furthermore, a single length of 700 m of

prereacted cable will be required, this being the same order of magnitude as the

unit lengths of conductor needed to build the toroidal field magnets of a fusion

reactor. Once the winding procedure was decided, a detailed design of the A 15

ENEA insert coil for SULTAN 12 T was completed in collaboration with ANSALDO.

Alternative solutions for the mechanical and stabilizing frame of the SULTAN

conductor have been examined with the aim of simplifying as much as possible
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the assembling of the composite. A Cu/Cu-Ni mixed matrix has been selected as a
promising alternative, allowing assembly of the conductor by a single step in a
soft soldering line. Stability analysis and quench behavior have been calculated
to compare the performances of conductors reinforced by stainless steel, hard
copper, or CuNi. It was concluded that the stability limits and the quench
behavior of the three conductors were very similar [4.13].

A Cu billet containing 50% of 90 Cu 10 Ni wires has been extruded in order
to perform experimental measurements of the mechanical behavior. The results
confirm that such a frame can be used to assemble the SULTAN conductor since it
has On i > 20 kg/mm2, as required for a proper operation of the magnet. A
schematic drawing of the new composite conductor is shown in Fig. 4.21.

The schedule for the production of the conductor and the construction of
the 12 T coil has been delayed due to difficulties in producing industrial lengths
of NbsAI multifilamentary basic strands. Details on this point will be given in the
next paragraph, where the development work on A 15 high field conductors will
be discussed in detail.

Cu Ni REINFORCED COPPER

RUTHERFORD
CABLE

HARD COPPER
TUBE

5.8

' I
15.8 6 5

24.3

Fig. 4.21- The SULTAN conductor using a Cu/CuNi mechanical and stabilizing frame
(dimensions in mm)
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Fig. 4.22 - The pancake-wound ENEA-SULTAN 6T magnet

SULTAN 111 project

The future evolution of SULTAN has been defined in strong interaction
with the NET conductor development since it has been commonly agreed that
tests on full scale prototypes and series acceptance tests are crucial points in the
development of the NET TF coil system. A project proposal [4.14] has been
worked out by the SULTAN team (ECN, ENEA, and SIN) showing that by relatively
small changes of SULTAN II it will be possible to measure critical currents as a
function of magnetic field and temperature, degradation of critical currents due
to bending, cooling behavior, and stability on full scale NET conductors.

The proposal deals with the construction of a split-coil magnet system,
using as many of the.magnets of SULTAN II as possible. It is in fact planned to use
two of the three SULTAN II A15 insert coils in the new facility. In addition, the
pancake-wound ENEA-SULTAN 6 T magnet, shown in Fig. 4.22, will be split into
two sections. The only magnet to be replaced will be the ECN 8 T insert, as it is
layer wound. It will then be necessary to build a new intermediate coil, but with
a current density higher than the old one, to reach 12 T in the split-coil
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configuration. This means that an A15 solution will have to be adopted also for

this coil. The facility wil l be completed by a superconducting transformer in order

to reach test currents of about 50 kA.

The proposal of the facility described above, SULTAN III, has been

submitted for preferential support to the Euratom authorities.The present time

schedule indicates that the SULTAN III 12 T split system should be ready wi th in

1989. Figure 4.23 shows the arrangements of coils for the proposed facility.

4.4.2 Development of High Conductors (Task M3)

A noticeable improvement of the critical current density J< has been

obtained in jelly-roll Nb3Al single core conductors [4.15]. This result has been

achieved by reducing substantially the thickness of the Nb and Al reacting layers.

Values of Jc as high as 1.8 x 109 A/m? at 11 T and 4.2 K have been measured.

1290

AARE -BERG

Fig. 4.23 - Arrangements of split coils for SULTAN III
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Figure 4.24 shows a typical Jc (B) curve compared to previous results. A cross
section of a multi-strand cable used for critical current measurements is shown in
Fig. 4.25. The improvement is larger than expected by extrapolation of previous
results correlating the critical current density of Nb3Al to the Al foil thickness
[4.16]; but the trend is coherent with recent research on the formation of the
metastable Nb3AI phase, where it is shown that thin layered Nb-Al structures are
very important to minimize the format ion of the compet ing
nonsuperconducting phase[4.17].

In the light of the Jc obtained on monofilamentary samples, it has been
disappointing to realize, after a long series of tests, that multifilamentary [\lb3AI
conductors cannot be produced in significant lengths by the jelly-roll process,
using commercially available Nb thin coils. In fact, it has been concluded that
recrystallized 10-20 pm Nb sheets containing less than 50 ppm of oxygen would
be required to assure a proper workability.

<

MONOFILAMENTARY
JELLY-ROLL
0.2 mm, 1 5h at 800 "C

PREVIOUS
SAMPLES

8 10 12
B(T)

Fig. 4.24- Critical current density Jc (noncopper) vs
magnetic field for a monofilamentary
jell-roll conductor with an Al foil thickness
XA| = 35 nm. The lower dashed area refers
to previous samples (XA! > 200 nm)
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Fig. 4.25- Cross section of a multi-strand Nb3AI cable used for Jc

measurements

To overcome this problem, the so-called intrinsic multifilamentary
approach [4.18], IMF.has been attempted which would give a multifilamentary
composite while remaining within the framework of the single core geometry. In
this approach, the starting jellyroll was built by using lamellar strips instead of a
continuous Al foil. The results have not been very satisfactory, since, at the
required high areal reduction factors (about 3 x 105), the separation of the
individual filaments was not maintained. Future work is foreseen on this
approach. As a conclusion it appears at present that, in spite of the excellent
properties of Nb3AI conductors, the industrial production of multifilamentary
wires by the jelly-roll technique may prove to be too difficult or uneconomic.

In order to make a final assessment on the subject, it has been decided to
check the hydrostatic extrusion on some multifilamentary billetts. This procedure
has often being reported as a very beneficial one to overcome poor workability
by standard extrusion. In case even hydrostatic extrusion does not give positive
results, Nb3Sn is foreseen for the next steps, i.e., SULTAN and NET conductor
development. Research work on NbjAI conductors will then be supported in
parallel.

The optimization of the design of a NET TF forced-flow composite
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conductor has been continued. A new design has been worked out which

represents a considerable simplification of the fabrication process. In addition,

AC losses have been reduced by adopting a honeycomb structure of the stabilizer

Cu + Cu-Ni, characterized by a high transverse resistivity. The new conductor

design is shown in Fig. 4.26. The effective diameters on samples of NbjAl basic

strands have been measured by the CISE Laboratories. Alternating current losses

should be measured by CISE on a honeycomb structure of Cu/CuNi stabilizer

under production at LMI.

4.4.3 Experimental Program on Forced-Flow Cooling (Task M3)

Measurements of quench current variations by applying a heat flux in the

high field region of SAFFO have been performed using forced flow of

STAINLESS
STEEL

He CHANNEL

MIXED MATRIX
MATERIAL

RUTHERFORD
CABLE

Fig. 4.26 - Conductor for NET 22B proposed by ENEA
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supercritical and two-phase helium. All the experimental runs have been done at

a constant mass flow G = 10g/sxcm2.

A 2.5 ohm, 44 cm long heater has been glued by epoxy resin to a high field

conductor section in the magnet. The heater power has been increased from

0.18 W to a maximum of 3.6 W in four steps. Figure 4.27 shows the quench

currents of SAFFO scaled to a reference field of 5 T. The deviation of the heater-

induced quench currents from the straight line gives an indication of the AT

between coolant and conductor supposed zero when the heater is not used. It

can be seen that at low heat fluxes two-phase helium can absorb heat more

effectively than in the supercritical state. Conversely, at the highest heat flux the

deterioration of heat transfer in two-phase is evident, due to the noticeable

increase of the vapour content in the mixture.

The experimental program on SAFFO has been affected by two main forced

stops. First it was necessary to replace a 3 kA current lead damaged by thermal

cycling; a second long stop was then necessary to bring the refrigerator to the

safety regulations on pressure vessels and plants.

The program will be started again once the installation of the new

components (compressor, heat exchangers, safety valves, etc.) are completed.

4.4.4 Field and Forces Calculations

The capabilities of field calculations have been implemented by adding the

computer code TOSCA to the existing one. Field distributions and forces have

been calculated in SULTAN II [4.19, 4.20], SULTAN III [4.21], and for the SIN-

LCTcoiloftheTOSCA-Upgrade Facility [4.22].

The codes GFUL and TOSCA have been used to fulfill a NET contract on the

electromagnetic effects of the use of ferromagnetic materials within the NET

machine. It appears that saturated martensitic steel is acceptable as a first wall

and blanket material and, in addition, it seems to have the potential to correct

toroidal field ripple [4.23].

4.4.5 Superconducting Devices (not in the Association frame)

Resonant modes in superconducting structures with one or two Josephson

junctions have been investigated. These singularities occur in the current voltage
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Fig. 4.27 - Quench currents of SAFFO vs coolant temperature. The experimental current values
have been scaled to a magnetic field B = 5T

characteristics of the devices and are related to the AC properties of both
superconducting electrodes and junctions. An invited paper on the argument
was presented at the conference on the Josephson effect at Turin in September
1985 [4.24]. In collaboration with the Physics Department of the University of
Salerno, the magnetic field dependence of resonances in small inductance
interferometers with two Nb-NbOx-Pb junctions has been investigated. The
experimental data have been compared with the theoretical dependence
computed by a simple model of junction with a spatially varying current density.
An excellent agreement has been found between theory and experiments [4.25].

In collaboration with the same group, an experimental investigation on
superconducting structures with a NbN base layer has been carried, out. Niobium
nitride is a type two superconducting compound, very interesting for its high
critical temperature (Tc = 16 18 k), high critical field (He = 20 30 T), outstanding
mechanical properties, and ease of production by standard vacuum deposition
techniques. The NbN films have been deposited on sapphire substrates by
reactive RF sputtering in an argon nitrogen atmosphere.

Measurements on the magnetic field dependence of resonances in DC
SQUIDs with two NbN-Pb junctions have been performed [4.26].
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The AC properties of single NbN-Pb junctions have been investigated, and

the surface resistance of the NbN films as a function of the frequency has been

measured. The results were presented at the Applied Superconductivity

Conference, Baltimore (Maryland) in September 1986 [4.27].

The investigation of the magnetic field behavior of resonances has been

extended to light-sensitive, superconducting devices. The work has been carried

out in collaboration with the Istituto di Cibernetica of CNR in Arco Felice

(Naples). Interferometers with two In-CdS-ln cross type junctions have been

Fig. 4.28 - Thin film deposition system equipped with thermal crucibles and a mask
changer, used for the fabrication of soft metal superconducting junctions
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examined [4.28], A new light sensitive planer DC SQUID with two Nb-CdS-Pb
window junctions has been designed- To define junction geometry, Nb anodic
oxide is used as an insulating layer between the two superconducting electrodes.
Each thin film layer has been patterned by photolithography and chemical
etching.

Detailed information on the fabrication procedure and preliminary results
were presented at the Applied Superconductivity Conference, Baltimore, in
September 1986 [4.29).

In cooperation with the Divisione Fisica Applicata of the TIB Department
and the Physics Department of the Technical University of Munich (Garching,
FRG), an experimental investigation on the behavior of heat transmission
uetween solids and liquid helium at low temperature (\ 1K) has been carried
out [4.30]. The efforts of the Superconductivity Laboratory have mainly been
devoted to the frabrication of the heater and the superconducting bolometer.
The thin film deposition system is shown in Fig. 4.28.

Thin film evaporated heaters (100 x 100 pm2) on plexiglas substrates have
been realized. The AI-AIOx-Al junctions (1 mm diameter) in which the Al films
have been grown in an oxygen atmosphere ( —10-5 -f- 10-4 Torr of O2) have been
fabricated and used as bolometers.

4.5 CERAMIC BREEDER MATERIALS

The activity described in this section has been carried out at the Chemical
Division of the Casaccia Energy Research Centre.

4.5.1 Fabrication of Gamma-Lithium Aluminate (Task BV11)

The best way to get a fine, ceramic grade powder is the solid state reaction
between lithium peroxide and gamma-alumina (Degussa C-type), [4.31] which
will be referred to as the P-process .

The following pilot plant flow sheet for a kilogram-scale production of
gamma-lithium aluminate by the P-process has been adopted:

• calcination of the degussa C-type alumina (gamma);

• mixing alumina and peroxide in dry alcohol;
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• drying of the mixture in rotavapor;

• powderdeagglomeration,

• calcination, one hour at 800 °C.

A reliable sol-gel preparation method.has also been sought for. The spray-
drying of Li-AI sols (SSD process) gave good results. However, another pilot-plant
production was also assessed based on the microwave dehydration-denitration
of a Li-AI sol-solution:an intimate and fine mixture of powders was obtained,and
the denitration was completed in the calcining step dealing with the LiAlO2
synthesis.

This production via the sol-gel type method, or A-type method, followed
the flow-sheet below:

• preparation of lithium carbonate + aluminum nitrate solution under
controlled acidity and cations over the nitrate molar ratio;

• dehydration and denitration in a microwave heating oven;

• calcining at 600 "C.

The properties of different batches of LiAIC>2 powders obtained by the above
methods are given inTable 4.VII.

To investigate the texture (morphology) dependent relevance on radiation
damage and tritium extraction properties, the A-2 powder was prepared with
exceeding Li species to get higher particle sizes.

The compaction of grains was performed by cold pressing the previously
deagglomerated and granulated powders under 1-2 t/cm2 using an organic
binder. The required apparent density (80% of TD) conditions were obtained for
the various geometries in order to get sinters within the dimensional
specifications for irradiation experiments ORDALIA, TEQUILA, ELIMA-2, and
DELICE-3, and for the BEATRIX FUBR-1 test matrix.

4.5.2 Characterization (Task B12)

For nearly all the products involved in the processes [4.33, 4.34], a chemical
and isotopic quantitative analysis of Li, Al has been made and the impurities
have been determined. Table 4.VIII illustrates the results: the surface area (SA) as
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determined by BET analysis, the Li-6 content, the stoichiometry, the density as

given by helium picnometry, and the minimum-maximum grain and pore sizes

observed by the SEM fractographies and mercury porosimetry [4.32] and [4.35].

4.5.3 Physico-Chemical, Thermal and Mechanical Properties (Task
B13)

Work is in progress to relate the physicochemical and thermomechanical

properties to the defective status of the ceramic breeder materials. The general

behavior of gas permeability [4.35, 4.36], sound velocity [4.35, 4.37], electrical

properties [4.35, 4.38], heat capacity and thermal diffusivity (Fig. 4.29) has been

Table 4. VII - Powder characteristics of some lithium aluminate powder batches, prepared
by the P, MWH (A) and SSD processes

PROCESS

P

A-1

A-2

A*

SSD*

Li/Al
(at.ratio)

1.00

1.00

1.04

1.0

1.0

Alpha-phase
(%) other
than gamma

7

53

44

—

—

Surface area
(m2/g)

20.3

28.4

19.6

13.2

21.4

Density
(g/cm3)

2.63

2.97

2.92

2.59

2.82
* forBEATRIX-1 prog.

Table 4. VIII

Type

P

A-1

A-2

A*

SSD*

Main characteristics ofLiAIO2 targets, pure gamma phase (by X-ray
diffraction analysis) with 80% of TD

SA

(m2/g)

2.6

1.1

0.2

0.8

1.5

Li-6
enrich

ment
(%)

7.6

5.6

5.5

95

95

Li/Al

(atom
ratio)

0.996

0.97

1.026

-

--

True
density

(g/cm3)

2.60

2.58

2.58

2.53

2.53

Grain size

(lam)

0.2-0.4

0.2-5

2-20

0.7

0.5

Pore size

(pm)

0.1-0.3

0.1-0.4

0.5-2

0.25-1

0.1-0.5

* forBEATRIX-1 prog.
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examined; further work is still to be done on the variously prepared specimens.

Compressive and bending strength properties are also under examination.

The propert ies assessed related to the gas di f fus iv i ty t h rough the

interconnected porosity are reported in Table 4.IX.

5.5.4 In-Pile Tests, Radiation Damage (Task B15)

More than 160 speciments of the fabricated materials (Task B11) have been

inserted in an Alice-type device (see the picture and photographies of Fig. 4.30)

in the OSIRIS reactor core at the two nominal temperatures of 500 °C and 700 °C
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Fig. 4.29- Thermal properties of gamma-lithium aluminate. The specific heats measured (A)
confirm the literature data of the upper curve. The thermal diffusivities (6) were
measured at KfK on dense (95% of TO) and 20% porous specimens (P = open
porosity).
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for 26 FPD, under the following conditions at the maximum radiating flux level:

• perturbed thermal neutron flux, 4.5 1013 n/cm^s;

• fast neutron flux, 3.7 lO^n/cm^s

• gamma ray heating, 8 W/g.

The calculated power deposition from alpha + tritium produced in the

various specimens placed at different levels is given in Fig. 4.30.

The irradiation test (ORDALIA experiment) started during the second half

of December 1986.

Insertion of the specimens in the FUBR-1 test matrix (capsules B11-C and

B12-C) has also been performed for the BEATRIX-1 program, and irradiation for

2 FPY in the EBR-2 fast reactor at 700 °C is expected to finish at the end of 1988.

Irradiation plans and specimens (the three UAIO2 types already described)

for ELIMA-2 and DELICE-3 have been prepared.

4.5.5 In-Pile Tritium Extraction Experiments (Task B16)

The ENEA-CEA contract for tritium extraction testing in the CHOUCA-M
device of the SILOE reactor (Grenoble) is active. All the specimens have been
prepared and characterized for the experiment (TEQUILA), and the irradiation
for three reactor cycles is to start in spring 1987 [4.39j.

4.6 SAFETY AND ENVIRONMENT

4.6.1 Overall Plant Accident Scenarios for NET (Task SE5).

This work represents the first task assigned to ENEA in the field of fusion
safety.

A systematic methodology is being applied to identify the overall plant
accident scenarios covering all the NET plant operating conditions, which will
permit an integrated approach to the analysis of the safety and reliability of the
plant.

The final objective is the evaluation of the risk associated with the plant.
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Open porosity (e), viscous (Bo) and slip-flow (Ko) permeability coefficients,
equivalent hydraulic radius (m) of tested specimens in ORDALIA experiment.

Type

P

A-1

A-2

e(%)

19.4

19.5

19.6

Bo (cm2)

0.810-12

5 10-12

8 10-12

Ko (cm)

2.0 10-7

11 10-7

7 10-7

m(pm)

0-045

0.1

0.2

This involve an estimation of the total probabilities for categories o*
consequences and it also constitutes a decision making technique for
optimization of the plant in relation to different design options.

During the first six months of 1986, the first wall and the water cooled LiPb
liquid blanket systems defined by the NET Team were analyzed in order to
demonstrate the practicability of the analysis method. The accident scenarios

Fig. 4.30 - Poster picture of the OROALIA experiment showing the actual inner and outer
temperatures of the three LiAlO2 type of specimens (photos and fractographies
are reported) undergoing a high thermal neutron radiating field (conditions at the
different zones are summarized in the tables) in the OSIRIS reactor core
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arising from the initiating events in normal operating conditions have been

defined.

The identification of significant initiating events has been carried out by

analyzing the possible modes to choose the process functions which are the most

significant for safety purposes.

The initiating causes have been clustered into accidental areas. Each area

includes all the initiating causes which trigger accident sequences requiring the

same safety actions (see [4.40] and [4.42]).

A functional/qualitative Failure Mode and Effects Analysis (FMEA) has been

developed for each of the identif ied accidental areas to determine the

fol lowing:

• effects on this system;

• effects on other systems;

• consequences on the plant;

• external consequences.

Jjj
i 0 5m

Fig. 4.31 - Extended boom in the equatorial plane with manipulator and special grippers at its tip
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An example of a quantitative study for an accidental area has also been

carried out to illustrate how the application of this methodology can supply

useful design information based on safety aspects (see [4.41]).

According to the requests made by the NET Team, during the last few

months of 1986, the application of the methodology was extended to the other

plant areas of NET, such as tr i t ium, plasma, magnetic fields, main coolants, (see

(4.43) and (4.44).

In a first iteration, the initiating events triggering safety related accidental

sequences were identified (102 initiating events).

They were then grouped into 23 Accidental Areas according to the

protective actions called upon to operate.

Due to lack of personnel, the above work has been carried out in

cooperation with NIER-Coop, subcontractor of ENEA/DISP.

4.7 REMOTE MAINTENANCE

4.7.1 Handling Equipment for In-Vessel Components (Task RM 3)

The activities carried out during 1986 in the frame of the RM 3 Task, dealing

with the remote maintenance of the NET reactor, mainly focused, as agreed with

the NET personnel, on the architecture of the remote in-vessel inspection and

intervention systems.

Of the possible solutions proposed, the one examined in most detail is

based on an articulated boom inserted through the equatorial entry ports and

carrying at its tip the telemanipulator unit and/or special grippers for heavy

components (coils, divertor plates, sublimiters) (Fig. 4.31,4.32).

Different proposals, based on the articulated boom, have been analyzed,

differing from each other with respect to the philosophy of operation (e.g.,

simultaneous use of two booms from opposite sides, each having full or half

torus inner volume reaching capability) and to the design aspects (e.g., use of

structural supporting elements (Fig. 4.33) such as tie-rods, to increase boom

rigidity). Some preliminary structural calculations have been performed aiming

at a gross mechanical dimensioning and evaluation of static deflections and

vibrational frequencies.
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5m

Fig. 4.32 - Detail of manipulator in the discharge chamber

\
\

SEC. A - A H

Fig. 4.33 - Design option with supported boom and manipulator in the discharge chamber

174



FUSION REACTOR ENGINEERING

Further work was focussed on boom control techniques and algorithms

with the aim of reducing maintenance times, still meeting precision and

repeatibility requirements.

A further contribution o ' ENEA is in the field of radiation hardening: a

review of the state-of-the-art as been carried out concerning the operational

lives of the components and materials used in the in-vessel maintenance system

in high intensity radiation fields.

A test program, which is still in the definition phase, will also be carried

out in the facilities (fission reactors and CO60 sources) available at the ENEA-

Casaccia Center. In this context, some heat treatments have already been

effected on the glass material of the JET in-vessel inspection system to

investigate the healing effect of temperature on radiation defects; these

techniques will probably have to be applied in the NET plant also.

Some design solutions, compatible with the remote maintenance, have

been presented for the graphite protection tiles and their mechanical

attachment to the first wall.

During the last few months of 1986, a research program concerning the

application of dynamic interferometry to machine inspection, robotics, and

remote handling was begun attheTIB-FIS laboratory of Frascati.

A coherent laser sensor is being realized to monitor micrometric strains

which can occur in a tokamak vessel, and to investigate any malfunction of the

mechanical components by means of a Fourier anaiyzer.

A noncoherent laser scanning system is under study for in-vessel inspection.

This miniaturized scanning device, combined with a 3-D interferometry system,

allows the end-effectors of a robot inside the vessel to be guided with a precision

of the order of the wave length of a laser source (10.6 iim). Such high precision is,

sometimes, required for maintenance and repair operations.
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