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Outline

• What is ITER?

• ITER’s history

• Plan for semester

• ITER’s status: Talk by outgoing director

2



http://www.iter.org/

• Culmination of 50 years of 
magnetic fusion research

• 500 MW fusion power for 
7 min pulses

• EU, Japan, Russia, China, S 
Korea, India, USA

• At 22B US$ (14B US$ 
official), the most 
ambitious international 
science project ever

• 23,000 tons (tokamak 
only), or $1M/ton

3



ITER G A0 FDR 4 01-07-21 R 0.4

Summary of the ITER Final Design Report Page 16
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History
• CDA: Conceptual Design Activity (1998-1990/2)

• EDA: Engineering Design Activity (1992-1998)

• ITER-FEAT: 1.3 times smaller at “half price”

• ITER project agreement signed in Nov, 2006

• ITER Physics/Design Review: Sept, 2007

• ITER Cost & Schedule Baselined: July 2010

• Bulldozers start clearing ground: Aug 2010
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ITER-EDA Goals
• Achieve controlled ignition (1.5 GW for 1000 s) with finite but limited margins on 

most likely projections from current fusion experiments; 

• Ensure 1 MW/m2 of 14 Mev neutrons in driven burn;

• Providing flexibility to explore a range of possible operating scenarios including 
recently established advanced Tokamak discharges.

• Reliable containment and control of burning plasma;

• Very large superconducting magnet and structures;

• In-vessel structures (blanket and divertor) able to withstand high heat and neutron 
fluxes and electromechanical forces;

• Remote handling systems for maintenance/intervention of an activated tokamak 
structure;

• D/T fueling and fuel processing systems; 

• Tritium breeding capability (for ITER's second, Enhanced Performance Phase).
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ITER-FEAT Goals
• To achieve extended burn in inductively driven plasmas at 

Q > 10 for a range of scenarios, whilst not precluding the 
possibility of controlled ignition;

• To aim at demonstrating steady state operation through 
current drive at Q > 5.

• Demonstrate availability and integration of essential fusion 
technologies;

• Test components for a future reactor;

• Test tritium breeding module concepts, with a 14 MeV 
average neutron power load on the first wall >0.5 MW/m2 
and an average neutron fluence >0.3 MW a/m2.
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Today

2019(?)
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EPFL / PSI February 2010, N Holtkamp Page 45

First PlasmaFirst Plasma

ITER CONSTRUCTIONITER CONSTRUCTION
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Chapter 1: Overview and summary
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Figure 1. ITER tokamak and major components.

Table 2. ITER parameters and operational capabilities.

Parameter Attributes

Fusion power 500 MW (700 MW)a

Fusion power gain (Q) !10 (for 400 s inductively
driven burn);
!5 (steady-state objective)

Plasma major radius (R) 6.2 m
Plasma minor radius (a) 2.0 m
Plasma vertical elongation 1.70/1.85

(95% flux surface/separatrix)
Plasma triangularity (95% flux 0.33/0.48

surface/separatrix)
Plasma current (Ip) 15 MA (17 MA)a

Safety factor at 95% flux surface 3 (at Ip of 15 MA)
Toroidal field at 6.2 m radius 5.3 T
Installed auxiliary heating/ 73 MW (110 MW)b

current-drive power
Plasma volume 830 m3

Plasma surface area 680 m2

Plasma cross section area 22 m2

a Increase possible with limitation on burn duration.
b A total plasma heating power of 110 MW may be installed in
subsequent operation phases.

Plasma current profiles allow us to classify scenarios for
ITER, since the safety factor q profile seems to be the dominant
parameter, although several physics phenomena are involved,
often interlinked, and have to be taken into account. The safety
factor is defined by q = d!/d", where ! is the toroidal flux
and " is the poloidal flux enclosed by the magnetic surface.
In simpler terms, at a rational q surface, q is the ratio of the
number of toroidal turns to the number of poloidal turns of a
field line. In other words, q is inversely proportional to the
rotational transform, i.e. the pitch or twist of the field line; q

is inversely proportional to the average current density inside
the volume enclosed in a flux surface. Figure 2 illustrates
the variation of safety factor profiles observed in tokamak
experiments. In the reference H-mode scenario for ITER, the
plasma current is fully diffused and the q profile is monotonic
with a large positive magnetic shear.

Here the magnetic shear s is defined as s = (r/q)dq/dr .
In a discharge with a positive magnetic shear, the current
density peaks on the centre (magnetic axis), monotonously
decreasing with radius. In a discharge with a reverse magnetic
shear, the current density has a maximum at an off-axis
position. In a discharge with a weak magnetic shear, the current
density is almost constant from the centre up to typically about
the half minor radius.

Configurations with moderate or weak reversed shear have
permitted the development of plasmas whose characteristics
are close to the one required for steady-state scenarios: full
non-inductive current, high confinement and high bootstrap
fraction (section 3.7, chapter 2 [8], chapter 6 [9]). They are
also characterized by the development of internal transport
barriers when proper conditions are met. Internal transport
barrier is a zone in the plasma core with a steep gradient in
plasma pressure. More recently, the development of magnetic
configurations with a wide volume of low magnetic shear
and a central value of q close to 1 has resulted in quasi-
stationary discharges with improved confinement and high
values of normalized beta. They are also characterized by
a low level of MHD activity. These discharges extrapolate
to the performance needed for the ‘hybrid’ scenarios foreseen
for ITER.

As was described in the IPB, there are a number of physics
basis considerations that are applicable to all three of the
proposed ITER scenarios, and there are also other physics basis
considerations that are directly relevant to only one or two of
the scenarios. These scenario relevancy aspects enter in the
presentation of key issues and progress that follows below and
into the detailed discussion of PIPB that appears in chapters 2–
8 of this issue.

3. Progress in key physics issues and its impact on
the choice of the main design parameters of ITER

What follows below are brief narrative accounts of the status
and progress in key elements that collectively comprise the
body of the physics basis for a burning plasma tokamak and
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Table 1. Parameters at full performance for the four operating scenarios.

Hybrid DIII-D Hybrid ITER Advanced Steady
Baseline startup startup inductive state
(131498) (131711) (131265) (133137) (131198)

βN, βp 1.8, 0.65 2.2, 1.1 2.8, 1.3 2.8, 1.05 3.0, 1.6
Equivalent ITER 15.0 11.4 11.2 14.8 10.7
Ip (MA)
q95 3.1 4.3 4.1 3.3 4.7
H89, H98 2.0, 1.1 2.6, 1.5 2.5, 1.45 2.4, 1.5 2.2, 1.46
G 0.37 0.31 0.4 0.6 0.3
B (T), Ip (MA) 1.92, 1.47 1.92, 1.13 2.11, 1.28 1.93, 1.49 1.92, 1.05
n (1019 m−3), n/nG 8–10, 0.5–0.65 6.6, 0.55 5.3, 0.41 5.3, 0.35 4.7, 0.4
Paux (MW) 3.5 3.47 8.0 7.7 9.38
τE (s) 0.22 0.24 0.17 0.18 0.115
vφ(0) (km s−1), Mφ 140, 0.26 220, 0.4 290, 0.36 220, 0.3 190, 0.4
〈p〉τE (kPa s) 8.1 8.4 9.7 10.4 5.3
Zeff 3.0 2.9 1.9 1.8 1.9
Averaging time (s) 2.6–3.6 2.85–3.45 2.8–3.3 2.8–3.8 3.4–3.9
Pfus (MW) 443, 427, 404 382, 371, 329 532, 477, 432 818, 723, 723 532, 502, 452

(89P, 98y2, DS03)
Q (Projected to ITER) 10.3, 22.4, ∞ 6.3, 10.2, ∞ 5.8, 23.3, ∞ 13.5, ∞, ∞ 2.7, 5.8, 19.8
(89P, 98y2, DS03)

Auxiliary heating NBI NBI NBI NBI NBI + off-axis ECCD
Internal MHD Sawteeth, Sawteeth, Fishbones, Sawteeth, n = 3 tearing

n = 2 tearing n = 2 tearing n = 3 tearing n = 3 tearing

given the same plasma shape. The resulting value of the safety
factor at the 95% flux surface (q95) is 3.1, close to the ITER
design value of 3.0. The plasma was operated with feedback
control of the NBI power so as to maintain the ITER target
value of normalized beta, βN = 1.8. The time evolution of the
main plasma parameters for such a discharge is illustrated in
figure 2, while profiles are shown in figure 3. As can be seen
(figure 2(b)), confinement is at or above the ITER target of
H98 = 1.0, while the density (figure 2(d)) increases up to the
absolute density of 1.0×1020 m−3 anticipated for ITER, which
is ∼0.65nG on DIII-D. Tearing modes are present and decrease
confinement by ∼10%. Due to the high operating density,
beyond the cutoff density for 110 GHz gyrotron sources, no
attempt was made to mitigate the effects of these modes by
application of electron cyclotron current drive (ECCD). As
shown in (figure 2(c)), the parameter G ≡ βNH89/q

2
95 [4], a

measure of the normalized fusion performance, is close to the
0.42 level predicted for Q = 10 operation on ITER (much of
the difference is due to the fact that q95 is not 3.0, as originally
assumed for ITER). As shown in table 1, however, the more
detailed spreadsheet model projects that this discharge meets or
exceeds the ITER targets of 400 MW of fusion power and Q !
10 for this scenario, for all three confinement scalings utilized.

Two other major features of these discharges are also
evident in figure 2. The baseline discharges exhibit large and
infrequent (<10 Hz) type I ELMs, leading to poor density and
impurity control. The ELM and pedestal characteristics of
these discharges are of considerable interest and are described
in more detail in a separate section below (section 7). In
many of these discharges, ELMs are observed to trigger 2/1
NTM activity, leading to plasma termination. The NTM
activity in these discharges and prospects for stabilization
using localized ECCD are discussed in detail in [18]. The
3 s H-mode period in these discharges corresponds to ∼3τR, or
approximately the same normalized duration as anticipated for
ITER. However, the discharges are non-stationary, as is evident

Figure 2. Time evolution of key plasma parameters for a baseline
scenario demonstration discharge, operating at a normalized plasma
current equivalent to 15 MA on ITER (131498). Illustrated are (a)
plasma current Ip; (b) normalized beta βN and confinement factor
H98, with ITER target values; (c) fusion performance factor
G ≡ βNH89/q

2
95, with target value for Q = 10 operation on ITER

indicated; (d) line average electron density and divertor Dα

emission, indicating ELM timing and (e) injected neutral beam
power. (Colour online.)

in the increase in density and modest decline in confinement
with time (figure 2), and also in the fact that the plasma
internal inductance continually declines during the H-mode
period (not shown).

3

G = βNH89/q
2
95Equivalent discharges on DIII-D…
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Key Physics: H-Mode Fusion

Nucl. Fusion 49 (2009) 085035 P.B. Snyder et al

(a) (b) (c)

Figure 1. (a) Typical profiles in the edge barrier or ‘pedestal’ (shaded) region. (b) Schematic diagram of pedestal stability, including impact
of shaping and collisionality. (c) Typical peeling–ballooning mode structure in 3D (n = 18).

(a) (b) (c)

Figure 2. Benchmark of MHD codes in (a) limiter and (b) near X-point geometry, with n = 11 mode structure inset. (c) Effect of cutoff on
stability bound for a QH mode discharge, showing that impact of cutoff location is small provided the cutoff is sufficiently far out (here
>∼ 99.3%).

2. Peeling–ballooning theory and code development

The peeling–ballooning model of ELMs posits that free
energy from the strong pressure gradient and the resulting
large bootstrap current (figure 1(a)) in the edge barrier, or
‘pedestal’, region drive intermediate wavelength (typically
n ∼ 3–30) modes, which constrain the pedestal height and
trigger ELMs. A schematic diagram of peeling–ballooning
stability boundaries is given in figure 1(b) and a typical 3D
structure of such a mode is shown in figure 1(c) [1]. As
shown in figure 1(b), the stability boundary varies strongly
with the plasma shape, and the trajectory with which the
pedestal evolves towards its stability limit is strongly impacted
by collisionality (ν∗). At high ν∗, the bootstrap current
is suppressed and relatively high n ∼ 10–30 ballooning
modes are limiting, while at low ν∗, relatively low n ∼ 3–6
current-driven kink/peeling modes are limiting. Many high
performance H-mode discharges operate at moderate ν∗, where
the pedestal height and overall performance are maximized,
and intermediate n ∼ 5–20 peeling–ballooning modes provide
the constraint on the pedestal height.

The hypothesis that ELMs are driven by magnetohydrody-
namic (MHD) modes has existed essentially since the discov-
ery of H-mode. The importance of peeling–ballooning cou-
pling was noted in high-n studies [2]. Extension of the theory
to higher order, and its numerical implementation in the ELITE
code, allowed quantitative treatment of intermediate-n modes,
and successful comparisons with experiment [3, 4]. In par-
allel, a number of efficient MHD codes, including MISHKA
[5, 6], MARG2D [7, 8], KINX [9], ILSA [10], DCON and

GATO [11], were employed for the study of intermediate-n
edge stability in tokamaks. A pair of recent reviews [6, 12]
summarize many results. The availability of multiple codes
employing a variety of numerical methods has allowed exten-
sive code verification (e.g. [3, 4, 8, 13]). An example is given in
figure 2(a). Here GATO (n = 1–19), MARG2D (n = 5–160)
and ELITE (n = 4–1000) find good quantitative agreement in
growth rate for a D-shaped equilibrium with pedestal profiles,
but no X-point. The ELITE results for n = 800–1000 are used
to extrapolate the n = ∞ growth rate (using a least squares fit
to the high-n analytic ballooning expansion "2 = c1 + c2/n,
where c1 is the square of the n = ∞ growth rate), showing
good agreement with BAL-MSC. This result also shows that
infinite-n theory, while quite useful for insight, cannot be used
quantitatively in the pedestal, as it is generally only valid for
n’s higher than the diamagnetic (n ∼ 25–60) or finite Larmor
radius (n ∼ 40–300) cutoff.

Obtaining precise growth rates for experimental equilib-
ria, which often contain X-points, can be more challenging.
Relatively high RZ grid resolution is required for high preci-
sion, particularly in the vicinity of the X-point. Figure 2(b)
shows a comparison of MARG2D and ELITE for a JT-60U-
like equilibrium cutoff at the 99.6% flux surface. Good agree-
ment is obtained here, and at a 99.8% cutoff, via use of a
very high-resolution (1025 × 1025) equilibrium, with only a
very small difference in growth rate between the 99.6% and
99.8% cutoffs (<5% difference in peak growth rate for both
ELITE and MARG2D). ILSA finds somewhat lower growth
rates for this case [10]. Fortunately, for experimental compar-
isons, such very high precision is generally not needed. One
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Figure 3. Profiles as a function of normalized radius ρ for (a) electron density ne, (b) ion and electron temperatures Ti and Te, (c) plasma
pressure P and (d) plasma rotation ωϕ , for baseline (131498, in red), steady-state (131198, in black), hybrid (131711, in green) and AI
(133137, in blue) scenario plasmas. Note that all four discharges shown were operated at a common field of 1.9 T, such that the plasma
pressures can be directly compared. The advanced scenarios have the same pressure as the baseline scenario at lower Ip or higher pressure at
equal Ip.

Profiles for the baseline scenario, figure 3, show that
Te ∼ Ti across the plasma radius, as might be expected at
such operating densities. The density profile is substantially
peaked, as opposed to the flat density profile assumed in
standard ITER profile models [19], but in qualitative agreement
with recent AUG and JET observations and predictions of
peaked density profiles [20]. Plasma rotation is significant in
the baseline and other scenarios, (see figure 3(d), and values
in table 1), due to the all co-neutral beam injection used in
these discharges. DIII-D has a counter-neutral beam injection
capability, which would enable operation at the same target βN,
but with lower net torque, but this was not attempted in these
experiments. No firm predictions exist for plasma rotation
on ITER [10], though it is expected that rotation will be low
compared with the discharges reported here, as a consequence
of higher NBI voltage and lower momentum input. The ion and
electron thermal transport rates have been calculated using the
TRANSP code [21], and indicates that ion transport is above
neoclassical.

The L–H transition in the baseline scenario discharges,
figure 4, is triggered shortly after the application of a fixed
NBI power of ∼4.4 MW, which exceeds the threshold power
(Pth) as predicted by the latest scaling relation [22]. A separate
discharge with fixed input NBI power of 2.6 MW and a density
of 4.0 × 1019 m−3 remained in L-mode for over a second
with a ratio of the loss power (PL) to Pth of ∼2, until an L–H
transition was eventually triggered by a sawtooth, indicating a
power threshold approximately a factor of two higher than the
scaling prediction for DIII-D with this plasma shape. After
the L–H transition, with the NBI under feedback control to
maintain βN = 1.8, the PL/Pth ratio declines as the density
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Figure 4. Time evolution of (a) ratio of loss power to calculated
L–H transition power, (b) confinement factor H98 and (c) line
density and injected neutral beam power for baseline scenario
discharge 131498. A shorter time average is used for the line
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rises (figure 4(a)), down to ∼0.8, and some of the discharges
exhibit H–L back-transitions. (Note that this use of the scaling
law to calculate a Pth during the H-mode period is questionable,
as the scaling was derived specifically for the L–H transition,
not the H–L back-transition.)

4

Nucl. Fusion 50 (2010) 075005 E.J. Doyle et al

0

2

4

6

8

10

12

1314980202  3.350
131198A08  3.595
1317110203  2.900
1331370204  3.300

0

2

4

6

8

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

Baseline
Steady-state
Hybrid
Advanced Inductive

Ti (keV)

Te (keV)

ne (1019 m-3)

P (kPa)

(a) (b)

(c) (d)

Figure 3. Profiles as a function of normalized radius ρ for (a) electron density ne, (b) ion and electron temperatures Ti and Te, (c) plasma
pressure P and (d) plasma rotation ωϕ , for baseline (131498, in red), steady-state (131198, in black), hybrid (131711, in green) and AI
(133137, in blue) scenario plasmas. Note that all four discharges shown were operated at a common field of 1.9 T, such that the plasma
pressures can be directly compared. The advanced scenarios have the same pressure as the baseline scenario at lower Ip or higher pressure at
equal Ip.

Profiles for the baseline scenario, figure 3, show that
Te ∼ Ti across the plasma radius, as might be expected at
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peaked, as opposed to the flat density profile assumed in
standard ITER profile models [19], but in qualitative agreement
with recent AUG and JET observations and predictions of
peaked density profiles [20]. Plasma rotation is significant in
the baseline and other scenarios, (see figure 3(d), and values
in table 1), due to the all co-neutral beam injection used in
these discharges. DIII-D has a counter-neutral beam injection
capability, which would enable operation at the same target βN,
but with lower net torque, but this was not attempted in these
experiments. No firm predictions exist for plasma rotation
on ITER [10], though it is expected that rotation will be low
compared with the discharges reported here, as a consequence
of higher NBI voltage and lower momentum input. The ion and
electron thermal transport rates have been calculated using the
TRANSP code [21], and indicates that ion transport is above
neoclassical.

The L–H transition in the baseline scenario discharges,
figure 4, is triggered shortly after the application of a fixed
NBI power of ∼4.4 MW, which exceeds the threshold power
(Pth) as predicted by the latest scaling relation [22]. A separate
discharge with fixed input NBI power of 2.6 MW and a density
of 4.0 × 1019 m−3 remained in L-mode for over a second
with a ratio of the loss power (PL) to Pth of ∼2, until an L–H
transition was eventually triggered by a sawtooth, indicating a
power threshold approximately a factor of two higher than the
scaling prediction for DIII-D with this plasma shape. After
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law to calculate a Pth during the H-mode period is questionable,
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Plan for Semester
• One page project proposal, due February 17

• Midterm progress presentation (10 minutes), due 
March 10

• Schedule your project presentation, where students 
will submit "chits", comments, and questions, (first-
come-first-serve!)

• Submission of your final written project report by 
the end of the semester.
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Norbert Holtkamp appointed ITER Project 
Construction Leader (April, 2006)

Dr. Norbert Holtkamp was born in Fuerstenau/Germany in 
1961. He studied physics at the University of Berlin, where 
he also began to develop a special interest in accelerator 
physics. 

Since then Dr. Holtkamp has worked at several accelerator 
laboratories around the world: he got his PhD at the 
University of Darmstadt, moved on the Deutsches 
Elektronen-Synchrotron (DESY) in Hamburg, and in 1998 
he moved on to the United States to work at the Fermi 
National Accelerator Laboratory in Chicago. 

In 2000 Dr. Holtkamp was offered to lead the construction 
of the Spallation Neutron Source (SNS) Accelerator, where 
he started work in January of 2001.

Today: Professor, PPA (Particle Physics and Astrophysics) 
and Photon Science, 2010-present; Director, Accelerator 
Directorate, SLAC, 2010-present.
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