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Abstract

The highlights of the most recent developments in the physics elmaotegy of the Ignitor
program are presented. These include the investigation of quiasnasta nearly-ignited re-
gimes and of ignition conditions achieved accessing the H-rggnost recent scalings) with
“divertor” configurations. The ICRH system, the plasma cordystem, the construction of
the high-speed pellet injector, the remote handling systeafatirication procedures of the
toroidal magnet plates, the detailed design of the plasma chaofiltke extended first wall
and of the incorporated diagnostic system with the relevant R&Raong the engineering
highlights.

1. Introduction

The main purpose of the Ignitor experiment is tfagstablishing the “reactor physics” in re-
gimes close to ignition, as required for realisticl economical reactors, where the “thermonu-
clear instability” can set in with all its assoeidtnon-linear effectd]. The driving parameter of
the machine desigrR{ 01.32 m,a x b 00.47 x 0.83 ) triangularityd [ 0.4) is the poloidal
field pressure—[BpZ/(Z,uo) ] that can contain, under macroscopically staileditions, the peak
plasma pressum (03 — 3.5 MPa needed for ignition with central déesiclose to 10 m*. The
maximum design magnetic field on axis, excluding paramagnetic contribution, is 13 T, and
the plasma curremf < 11 MA, with a magnetic safety factqy [3.5. The validity of the scien-
tific objectives of the Ignitor Program and of kagsign solutions adopted for it has been recently
reaffirmed p], including the fact that reactor relevant physieaimes withQ > 50 have to be
produced and investigated, and that the most apat®solution at this time is the adoption of
normal-conductingnagnets. Furthermore, experiments that do not irciudonventional diver-
tor chamber can sustain, for equal overall sizesmagnetic field values, higher currents and
therefore achieve better confinement parameterddgitor is designed to operate with an “ex-
tended first wall” configuration, and with doublepints near the first wall and lower currehs(
09 MA). In fact, H-mode regimes become accessibt®m@ing to recent scalings on the power
threshold for similar configurations. Since thegass of attaining ignition has been investigated
extensively, a particular effort has been devatedentify the conditions aided by the auxiliary
heating system where the thermonuclear instalidityarely prevented over the entire length of
the current pulse but the fac@Qris high. While tritium is the necessary step foavaf any ad-
vanced fusion facility, Ignitor can provide novebdamportant results that justify its construction
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even when limited to operate with (non burning)lH,and He plasmas in the early phase of its
experimental life.

A significant amount of R&D activities is underwdyor example, a pellet injector capable of
injecting pellets of variable sizes with velocitiesthe range 1-4 km/sec, is nearly completed
through a joint effort by ENEA-Frascati and the MIR. in the U.S. The injection of pellets is
needed to provide proper control of the plasma tlemalues, and of its radial profile. Fabrica-
tion techniques of magnetic diagnostics with inaigansulator coatings capable of sustaining
the expected neutron and gamma radiation backgiamagniokeing established; two prototype pick-
up coils are ready for testing on present experisaérite construction of “second generation”
toroidal magnet plates has been completed anatas bptimize their design and relevant fabri-
cation procedures.

On the engineering side, the upgraded designs d?lsema Chamber (PC) with variable thick-
ness and of the First Wall systems have been ctedplegether with those of the relevant re-
mote handling and electrical diagnostic systems.Wéleing procedures for the final assembly
of the plasma chamber and for the toroidal magiagtpare being developed. Updated scenarios
for vertical plasma disruption events (VDE) haverbeonsidered3] using an appropriate dy-
namic elasto-plastic structural analysis to vetify reliability of the design. The structural araly
sis of the machine Load Assembly has been improwedding the friction coefficients at the
interfaces between the significant components. Hdleidal Field Coil system, as presently de-
signed, has been shown, using the CREATE_L respmmuiefl], to be suitable to ensure the ver-
tical stability of the plasma column and of itsga

2. Steady State Operation, H-mode Regime, and Reduced Par ameter s Regimes

In addition to the reference “extended first wall” configurationwhich Ignitor is designed
in order to reach ignition conditions, we have investigated: ijlynstationary, slightly sub-
ignited regimes where the thermonuclear instability is fotvald to develop and the relevant
plasma parameters are maintained by a modest amount of ICRéhfeating; ii) access to
ignition with double X-point configuration&r 013 T,1, 09 MA and entering the H-mode
regime on the basis of recently established scalingseiijiced parameters, long pulse re-
gimes withBr 09 T that are considered for “preparatory” experiments and azeteli at
surpassing the (significant) ideal ignition condition at high pladewsities where tha-
particle heating compensates the bremsstrahlung emission.

A report of the positive results obtained from sm@lg nearly ignited regimes (point i) is given
in ref. [5]. Referring to point ii), given that nefmore favorable) scaling laws for the access to
the H-mode regime have been identified [6], the atp@r of Ignitor in this regime, with a double
X-point configuration has been analyzed. Adop@ad!13 T and, 9 MA (this “divertor” con-
figuration does not allow higher currents) igniticen be achieved as the relevant power thresh-
old is overcome by the combined contributions of @hin-particle and ICRH heating. The op-
erating space correspondingQa 10 is found to be relatively broad, even considgthe pes-
simistic case of rather flat density profiles. Mmrer, considering in particular the JET experi-
mental data [7] indicating that relatively peakeasiky profiles (e.gng/(n) [J 1.5) can be ob-
tained in the H-regime, values Qfconsiderably larger than 10 can be attained. Note that the
adoption of recent scalings [8] with a weak dependeng® dwes not change the overall op-
erating space significantly in the case of Ignitor.
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Referring to point iii), two scenarios with magnetic fields u@ f® and appropriate levels of
injected ICRF heating were investigated: “extended first"wab X-point) configurations
with plasma currents up to 7 MA and double X-point configurations plittma currents up
to 6 MA. In both cases, the compatibility of the poloidal flux congionpwith the flux
available from the Poloidal Field system was verified d@ddonstraints on long pulse flat-
tops related to the thermal conditions of the toroidal magnet systera taken into account.
By decreasing the peak density below the optimialeveéor ignition, and maintaining the plasma
temperature by modest amounts of ICRH heating & dW) during the rise of the plasma
current, steady state conditions are attained. Peak temmesraround the ideal ignition tem-
perature (6 ke\k T OTjo < 8 keV), at which the plasma density can be ine@agthout en-
countering a bremsstrahlung barrier, and a signifieambunt ofa-particle Q ~1) are pro-
duced (Figure 1). To this end many simulations were carriedituthe JETTO code, which
is capable of taking into account self-consistently the free-boumpdsyna equilibrium evo-
lution. Sawtooth oscillations are included, their onset beirsga@lto a critical peaking factor
of the plasma pressurp=po/<p>=2.7).

—e— Pohm
RF
6MA - Run D) — — Palpha 7

Brems

f -

/—N“‘""’\WV\7

6Ma - Run D)

MW

Te(0) <Te>
Ti(0) <Ti>

keV
o [ N w R u o ~ o]

1
o P N W A O O N ©
T

, , , T T T T L —
1 2 3 4 5 6 7 8 0 1 2 4
time [s] t[s]

Figure 1. Peak and volume average temperature (left), heatingeaiiated power (right)
for a 6 MA, 9 T, double X-point discharge with no edge transport bigHeT TO).
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3. Pellet Injector

The four barrel, two-stage pneumatic pellet injector for tp@tdr experiment is under
construction in collaboration between ENEA - Frascati and O.R.Nhe goal is to reach
pellet velocities of about 4 km/s (capable of penetratingcthdral region of the plasma
column when injected from the low field side), in order totm the density profile, to provide
a means of fuelling, and to interfere with
the onset of the thermonuclear
instability. Two important innovations
at the basis of the Ignitor Pellet Injector
(IP1) design are the fast shaping valves,
allowing high pellet speeds, and the
separation of the gas removal system
into four identical and independent
systems to avoid the need of large
expansion volumes.

The IPI consists of four independent
injection lines, each including a two-
stage pneumatic gun (TSG), a pulse
Figure 2. The Ignitor Pellet Injector propelling | Shaping relief valve (PSV), a pipe-gun
sub-system built by ENEA at Criotec Impianti.| barrel, a propellant gas removal line

and related diagnostics, sharing a
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single cryostat, a common pellet ma
probe, and an accelerometer target. T
independent sub-systems have been I
by ENEA and ORNL separately. Th
ENEA sub-system [9] includes th
pneumatic propelling system and relat
diagnostics as well as its own control a
data acquisition system. The equipment
ready for shipping to ORNL for final join
experiments.

The ORNL sub-system consists of t
cryostat and pellet diagnostics (Figure
The assembly of most of its componer Figure 3. The pellet injector cavity built af]
was recently completed, and initial testif O.R.N.L.

with D, pellets were carried out [10] &
speeds of about 1 km/s. More than 30 pellets have been successinigdfand launched
using the 3 mm bore barrel. Soon the ENEA and the ORNL systihise integrated, and
testing at high pellet speeds (up to 4 km/s or higher) will beéedaout with a wide range of
operating parameters explored. If results from testing atdpgeds indicate that lower pellet
temperatures than those provided by the present pulse tube aigeredbr would be useful,
the injector is equipped with components to accommodate supplemeoiiab from a liquid
helium dewar. This would allow pellet operation at temperatppsoaching 5 K.

p=

An analysis of @ pellet penetration for Ignitor was carried out, using the NGStiabla
model [11], for the pellet sizes and speeds that the IBapsble of producing and plasma
temperatures and densities described by parameterized prefileentral values ranging
from 1 to 13 keV for the temperature, and 0.5 to 12.5%nidfor the density. Thanks to the
compact size of the machine, it was found that pellets of 4atn#km/s could reach the
central part of the plasma column for the typical plasmarmeaters at or near ignition
conditions. At the lower parameters, smaller and slower pebeide used. In order to assess
the possibility of testing the new injector on existing expents, the same model was used
to simulate the penetration on JET, for a range of relevaateders, assuming an injection
from the low field side mid-plane and no mass drift effectnére detailed analysis was
carried out for a particular case of a plasma with annatebarrier [12], for different pellet
sizes and speeds. Injection is from the low field side mideptard no mass drift effect is
included in the calculation. The results show that a 5 mm @lfekm/s can reach the region
inside the ITB, where a higher peak density could produce considdrgblgr pressures
[10]. Such an experiment would be useful also because future burningaptgeriments
(e.g., Ignitor and ITER) will operate at a relatively lgalue of the dimensionless parameter
v* and, for both devices, relatively peaked density profiles arecéeqgb¢o be beneficial from
several perspectives; in particular these profiles can eqtrasstability edge against the so-
called ITG modes that enhance the ion thermal energy transpor

4. 1CRH System and Physics

The lon Cyclotron Heating system is an integral part of gnédr experiment as it provides
the flexibility to reach ignition regimes following differepaths in parameter space and, in
particular, by shortening the time needed for this. Another impoutsatof the ICRH is to
maintain the plasma in a slightly sub-ignited state, avoidingexeéation of the thermonu-
clear instability, under quasi-stationary conditions, for theewhiration of the plasma cur-
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rent flat-top. The ICRH system is structured with a modadanfiguration and launches the
power into the plasma through RF strap-antennas based on 4 stoap®dgin two poloidal
pairs, per port. The system is designed to operate in the fregband 80 - 120 MHz. Each
module consists of 4 high power generators whose power is splitvawvgrorts (8 straps) in
order to keep the maximum electric field (especially intheuum region of the straps and
transmission line) below 5kV/icm. A 3@ vacuum transmission line, including the
feedthrough, transfers the power to each strap. The RF coniftigucd the modules allows a
full phase controls (toroidal and poloidal) of the straps though seAtwck Loop (PLL) con-
trol. Two modules, distributed over 4 ports, can couple about 6 MWetplédsma under reli-
able conditions, in order to attain ignition with a limited RF pualseng the plasma heating
phase. Two additional equatorial ports are designed to accept amuttiele if an increase
of the heating power is called for. When applying a pulse of I@RiHe process of reaching
ignition the optimal frequency is about 115 MHz.

For the preparatory experiments at reduced machine paranteé&egpropriate application
of ICRH is studied in order to identify the power deposition profitebe used in the trans-
port analysis. In particular, a parametric study of the power dipoprofiles as function of
the minority concentration, minority species, frequency band for batffigrations, has
been carried out by using a full wave code in plane and toroidal ¢gigorAa optimal fre-
guency band is found in the range 85-95 MHz with a delivered power of @tWnded
wall configuration) and 5 MW (X-point). The results show that gbever is essentially ab-
sorbed by the minority and redistributed by collisions to the maispegies of the plasma
column.

5. Plasma Chamber, First Wall, Welding Procedures, and Thermal Wall L oads

The 12 D-shaped toroidal sectors of the Ignitosipla chamber are made of Inconel 625 (forged
or rolled) welded together by automatic remote @meints. A fabrication procedure of the
plasma chamben ] has been developed to cover all the manufactyriages: the raw material
specifications (including metallurgical processéisg¢ machining operations required to achieve
the final dimensional accuracy, the acceptanceepiwes and the vacuum tests. The design of
the vertical supports of the plasma chamber has bpgraded to comply with the latest esti-
mates of the electromagnetic loads due to eddyhaludcurrents plus the net horizontal force re-
sulting from VDEs. In addition, the
design of the radial support has been
improved to allow better handling and
maintenance. In particular, servicing of
the radial supports can take place
hands on with direct access from out-
side the cryostat without affecting the
cryostatvacuum. The plasma chamber
is maintained at room temperature by a
dedicated duct system carrying helium
gas. The system makes it possible to
bake the plasma chamber at 2
and to cool it down prior to operation

: | (about 18 hours), and provides the
Figure 4. One sector of the plasma chamber N-cooling after a current pulse (about 5

cluding the ICRH Faraday shield and the first| 4/ rs for a plasma discharge at full
wall. parameters).
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The plasma chamber is assembled into the competis by sequential welding of individual
sectors already mounted onto the respective magetibns. The sectors are first joined together
by laser butt-welding that ensures vacuum tightn&se the torus is completed, the welding
groove is then filled by TIG-NG (Narrow Gap) toestgthen the joint. The welding process has
been tested on a simple plate model, to validaentimerical simulations, carried out with the
ABAQUS code, that allow the assessment of the wvasidtresses and deformations due to
shrinkage [13].

The entire inner surface of the plasma chamberoteged by TZM (Molybdenum) tiles sup-
ported by inconel plates (tile carriers) attachedhe PC. The electromagnetic loads on these
elements during a reference VDE disruption have lesaiuated with a detailed 3D finite ele-
ment model. The thermo-structural non-linear amalyssing the ANSYS code) of the most
stressed tile carrier under cycled loads showstémaperature increases, stresses and deforma-
tions are within the allowable values. The desifythe first wall has been finalized taking into
account the positioning of the electromagnetic mistics and the requirements for the Faraday
shields of the ICRH antennas (Figure 4).

Considering the “extended first wall” configuration, the desigrthef First-Wall Limiter
(FWL) is optimized to spread the plasma heat flux onto a velgtlarge area, thus reducing
the peak values. An accurate estimate of the heat loatudi®n onto the FWL cannot be
carried out by numerical codes with magnetic fitted coordinédesSOLPS [14] for cases
such as that of Ignitor [15] in view of its geometry. This bara relevant issue also for con-
figuration with conventional divertors during the limiter start-up phdsus, a new code,
ASPOEL [16], to model the edge of the plasma column is welerlopment.

The present version of ASPOEL solves a set of single-fluidtaans, neglecting neutrals and
impurities. The power distribution onto the FWL is computed with aesumption that a
given fraction of the input power is radiated. Instead of ssatal Finite Elements technique,
a triangular mesh, on which the Control Volume Finite ElementHE)\echnique [17] is
applied to enforce local energy and particle conservation, has depted. The power con-
ducted/convected onto the first wall can be separated into paadetadial contributions.
The former peaks where the LCFS-to-FWL distance is smallydnishes where they be-
come tangent, while the latter becomes maxinmRaalial contributions to the heat flux onto the
wall are confirmed by experimenti fact, these had been taken into account empirically in
previous estimates [18]. The peak values self-consistently codhpitie the new code (1.6
MW/m?) are comparable with the older ones, although the maxima atdbe inner mid-
plane rather than near the top and bottom of the plasmabena

6. Structural Analysis, Toroidal Magnet Plates and Remote Handling System

A Finite Element ANSYS model was used to analyze the nonrlmeahanical behavior of
the entire (machine) structure. The relevant calculatiod teafind stresses that remain
within the allowable limits at the relevant operating temijpees. The values of the inter-
laminar shear stresses values on the insulators of the toneidatdils have been validated
by the results of experimental tests performed by the Ansaldo GFbemon-linear analysis
takes into account both the in-plane and the out-of-plane loads. bowheal operating con-
ditions, the assumed friction coefficient on the wedging surfacasidguate to assure the
structural stability of the machine load assembly. Furthespamce unloaded, the structure
comes back without any permanent deformation. The safetgrdaof the average shear
stresses against the insulation shear rupture strendtie aeginning of the life of the ma-
chine is always greater than 3, while at the end of life ithreduced to about 2 because of
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expected degradation of the mechanical properties due to the edtimeatron dose. Keys of
proper dimensions between theé® 88tensions of the C-clamps modules have been adopted to
ensure structural stability.

The Bitter type Toroidal Field Coils (TFC) adopted for Ignitor ¢sinsf plates that are
cooled down to 30 K by Helium gas. Copper OFHC has been selecti$e plates, allow-

ing for an Electron Beam (EB) welding solution of the cooling chanridle Kabel Metal
Group has defined the welding parameters and qualified the weldiogdures. The qualifi-
cation covers both the welding of the cooling channels and the inlet/auike made on two

full size samples. A metallographic examination and vacuum andupgeEsts have been
preformed to validate the basic suitability of the EBdieg process.

The detailed design of the in-vessel Remote Handling Systased on the “two port con-
cept” with two operating booms, has been completed. A 3D mock-the gflasma chamber
(PC) has made it possible to simulate the boom (Figuretss. vRlidates the ability of the
boom, equipped with the attached end-effectors, to reach any iel-zese by 180on each
side without interferences. Thus, the operating procedures dpelicaseveral interventions
have been established. Furthermore, a failure analysis bbtia components has been car-
ried out in order to identify a recovery
procedure. The design of the ex-vessel cabin
with the function of holding the boo
apparatus and managing the removal and
installation of in-vessel components has been
completed. The boom is made up by a sliding
straight arm and articulated links. A structural
analysis of both components under |a
maximum payload of 25 kg has estimated |an
acceptable deflection of about 7 mm.

7. Plasma Control, Diagnostics, Site

The control of the plasma position and shape. I
is a crucial issue in IGNITOR as in eve'yElgure 5. Fully extended boom inside

compact, high field, elongated toroid ,.!the blasma chambe
experiment. The capability of the Poloidal Field Coil (PFGtam, as presently designed, to
provide an effective vertical stabilization of the plasma been investigated9 using the
CREATE_L response model [4]. This linearized MHD model assaxiegmmetric deform-
able plasmas described by few global parameters.

An optimization of the vertical position control strategy has bemried out and the most
effective coil combination has been selected to stahifiegolasma while fulfilling engineer-
ing constraints on the coils and minimizing the required power anaigeolThe two pairs of
coils selected for the vertical control will carry up-down &ytnmetric currents, superim-
posed to the equilibrium currents and provided by a dedicated power supptyroWib rate

of the vertical instability and the power required by thevacstabilization system have been
estimated with this model, indicating that it is possible togiesi control system able to
guarantee a stability region that includes the most interegiegation conditions. A realistic
description of the power supply system has permitted to carry oaptimization of the PID
(Proportional-Integrative-Derivative) controller, both witlv@ltage and a current loop con-
trol scheme. In addition, an assessment of the requiremenkefplasma cross section shape
control has been carried out considering independent perturbations of givea gkobal pa-
rameters as disturbances and showing that the undesired shafieatialirejection is pos-
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sible with the present PFC and power supply systems. The BFhawe been ranked on the
basis of their capability to restore the shape modificatiors tdudifferent plasma distur-
bances and the coil combination that minimizes recoverydimlevoltage required, has been
selected.

The full set of electromagnetic diagnostics nedgdatdeasure plasma current, loop voltage, hori-
zontal and vertical position, plasma shape, plasata, toroidal and poloidal modes has been in-
corporated in the detailed design of the plasmanblea and of the first wall systems. Given the
neutron fluxes to which the electrical diagnosgistems of Ignitor will be exposed, new bonding
techniques for inorganic insulators are being dgpead. A suitable MgO coating of the thin wires
to be used as pick-up coils has been adopted. ©thes of insulator are being molded to provide
the support structures for larger in-vessel cdilsthe same time, the possible failure of the
relevant electromagnetic diagnostics has been taken into acomlogtang the robustness of
the plasma position reconstruction strategy and investigatingotsbility to use additional
means to monitor the position of the plasma column, under demarafidgicns, for exam-
ple through the plasma X-ray emission or fast thermometrgndgtics.

An in depth analysis of the connection at Caordorraer nuclear power site with suitable facili-
ties, of the Ignitor power supply to the Europelkactecal grid was carried out by the appropriate
government authority (GRTN). It shows that the poveguirements (max active and reactive
power, max active power negative/positive steps)cansistent with the characteristics of the
combined two terminals of the 400 kV grid at the.si
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