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Need for a Burning Plasma Experiment

In 2002, the National Research Council (NRC) under the auspices of the National Academies
formed a Burning Plasma Assessment Committee (BPAC) that found: *“A burning plasma
experiment is critically needed to advance fusion science,” and recommended that: “The United
States should participate in a burning plasma experiment. Participation in a burning plasma
experiment is a critical missing element in the U.S. fusion program. The scientific and
technological case for adding a burning plasma experiment to the U.S. fusion science program is
clear. There is now high confidence in the readiness to proceed to the burning plasma step
because of the progress made in fusion science and fusion technology. Progress toward the
fusion energy goal requires this step, and the tokamak is the only fusion configuration ready for
implementing such an experiment.”

In accordance with the NRC-BPAC and Fusion Energy Sciences Advisory Committee (FESAC)
recommendations, the US has joined the international negotiations to determine the site, cost
sharing and management structure of the International Thermonuclear Experimental Reactor
(ITER). In addition, pre-conceptual design work on the Fusion Ignition Research Experiment
(FIRE), a backup burning plasma experiment, is being carried out in the U.S. as recommended
by the NRC-BPAC and FESAC.

The goal of the FIRE pre-conceptual design study is to define a low-cost (~$1B) burning plasma
experiment to attain, explore, understand and optimize magnetically-confined fusion-dominated
plasmas. The key technical objectives for FIRE are to address the critical burning plasma issues
of an attractive magnetic fusion power plant as envisioned by the Advanced Reactor Innovation
Evaluation Studies (ARIES). The FIRE Design study has been undertaken as a national
collaboration with over 50 participants from more than 15 U. S. institutions, and is managed
through the Virtual Laboratory for Technology. The technical work on FIRE has been guided by
a Next Step Option Program Advisory Committee (NSO-PAC), with members from 12 U.S.
fusion institutions and as well as Europe and Japan.

Community Assessment of FIRE as a Next Step Burning Plasma Experiment

At the 2002 Fusion Summer Study at Snowmass of nearly 300 fusion scientists, there was a
strong consensus behind the central finding that: “The study of burning plasmas, in which self-
heating from fusion reactions dominates plasma behavior, is at the frontier of magnetic fusion
energy science. The next major step in magnetic fusion research should be a burning plasma
program, which is essential to the science focus and energy goal of fusion research.” A thorough
technical assessment by 10 working groups also provided a very positive assessment of the FIRE
mission and capability. Most importantly, the Technical Assessment concluded that there are no
outstanding engineering-feasibility issues to prevent the successful design and fabrication of
FIRE, and that there is confidence that FIRE will achieve burning plasma performance in the
conventional H-mode. Based on OD and 1.5D modeling, all three devices (ITER, FIRE and
IGNITOR) have baseline scenarios which appear capable of reaching Q = 5 — 15 with the
advocates’ assumptions. ITER and FIRE scenarios are based on standard ELMing H-mode and
are reasonable extrapolations from the existing database.



Snowmass also affirmed the advanced tokamak features of FIRE by noting that: “Recent physics
advances in tokamak research, aimed at steady-state and high performance, demonstrate the
potential to significantly increase the economic attractiveness of the tokamak. Therefore,
Advanced Tokamak (AT) research capability is highly desirable in any burning plasma
experiment option.” “ITER and FIRE have moderate- and strong-shaping respectively and the
control tool set needed to address the issues of high beta and steady-state related to Advanced
Tokamak regimes. FIRE has the capability to sustain these regimes for one to three current
redistribution times (tcr), while ITER has the capability to sustain these regimes for up to 3000 s
allowing near steady-state operation.” Additional work on FIRE after Snowmass developed AT
regimes that could be extended up to 5 current redistribution times (see later section).

A number of technical issues have been identified and are documented in the body of the
Snowmass report. For example: for both ITER and FIRE, the predicted ELM-power loads are at
the upper boundary of acceptable energy deposition, therefore ELM-control and amelioration
will be needed. On FIRE, control of the neoclassical tearing mode (NTM) by lower hybrid
current drive is not sufficiently validated. Also, FIRE has a concern about radiation damage of
magnet insulators (for extensions of the experimental program beyond the original scope). While
on ITER, tritium retention is a concern with the proposed carbon-based divertor materials. These
issues are being addressed by continuing R&D activities.

A multi-machine development path based on a FIRE burning plasma experiment, a non-burning
very long pulse advanced tokamak (e.g., KSTAR, and JT-60 SC), a component test facility with
a fusion plasma simulator was developed and presented at Snowmass. The Snowmass
assessment found that the “FIRE-based development plan reduces initial facility investment costs
and allows optimization of experiments for separable missions. It is a lower risk option as it
requires “smaller” extrapolation in physics and technology basis. Assuming a successful
outcome, a FIRE-based development path provides further optimization before integration steps,
allowing a more advanced and/or less costly integration step to follow.” This plan was expanded
to include cost profiles and was presented to the FESAC Development Path Panel.

A Robust U.S. Fusion Strategy for Burning Plasma Research
In September 2002, FESAC recommended to DOE a robust strategy endorsed overwhelmingly
by a FESAC Panel consisting of 44 fusion community leaders. FESAC found that:

ITER and FIRE are each attractive options for the study of burning plasma science. Each
could serve as the primary burning plasma facility, although they lead to different fusion
energy development paths.

Because additional steps are needed for the approval of construction of ITER or FIRE, a
strategy that allows for the possibility of either burning plasma option is appropriate.

Since FIRE is at an advanced pre-conceptual design stage, and offers a broad scientific program,
we should proceed to a physics validation review, as planned, and be prepared to initiate a
conceptual design by the time of the U.S. decision on participation in ITER construction.



If ITER negotiations succeed and the project moves forward under terms acceptable to the U.S.,
then the U.S. should participate. The FIRE activity should then be terminated. If ITER does not
move forward, then FIRE should be advanced as a U.S.-based burning plasma experiment with
strong encouragement of international participation.

U.S. Plan for the Development of Fusion Energy

In March 2003, FESAC recommended a plan for the development of fusion energy with the end
goal being the operation of a demonstration power plant starting in 35 years. A burning plasma
experiment is a critical element of the FESAC Plan. “Either ITER or FIRE could serve as the
primary burning plasma facility, although they lead to different fusion energy development
paths. If ITER goes forward it will fulfill all of the requirements for an MFE burning plasma
experiment. Should ITER not move forward, the plan calls for construction of the domestic
burning plasma experiment, FIRE.”

FESAC also noted that: “A FIRE-based development plan reduces initial facility investment
costs and allows optimization of experiments for separable missions. This option aims at smaller
extrapolations in physics and technology. Assuming a successful outcome, a FIRE-based
development path provides for additional optimization before further integration steps are
needed, allowing a more advanced and/or less costly integration step that will follow.”

“From the perspective of the total cost to the U.S. for the development of commercial fusion
energy, the difference between the FIRE and ITER paths is relatively minor.”

The NRC-BPAC recommended that the U.S. develop other options for a burning plasma
experiment, in the case the negotiating parties do not approve ITER construction. The FIRE
concept represents one possible contingency that could be revisited in this context. Congress
also expressed interest in fusion with the Energy Policy Act of 2003, which is currently before
the Senate. This bill would authorize doubling of the fusion science program budget over five
years and U.S. participation in ITER as a burning plasma experiment. If the Secretary of Energy
determines that construction and operation of ITER is unlikely or infeasible, then a plan for
implementing the domestic burning plasma experiment known as FIRE should be sent to
Congress.

FIRE is being Designed to Address Burning Plasma Physics Relevant to an Advanced
Fusion Reactor

The Advanced Reactor Innovation Evaluation Studies (ARIES) studies have shown that an
economically attractive tokamak power plant will require >80% plasma self-heating with more
than 90% of the confining magnetic field to be self-generated. The overall theme of FIRE is to
test the advanced tokamak features identified by the ARIES studies as being essential to the
development of an attractive tokamak power plant. The basic parameters of FIRE were chosen
to make FIRE a 40% scale model test of the ARIES-RS physics design (Table I). The projected
FIRE plasma parameters are close to the parameters of ARIES and would provide a valuable
facility for exploring the physics of reactor-like burning plasmas.



Table I. Comparison of FIRE Advanced Tokamak Parameters with ARIES-RS

Parameters FIRE ARIES-RS
K, plasma elongation 2.0 2.0
d, plasma triangularity 0.7 0.7
Divertor Configuration DN DN
By, normalized beta, AT mode ~4 4.8
Bootstrap fraction, AT mode 80 88
Non-inductive Current Drive, % 100 100
Plasma Current Profile Equilibration (%) 86 -99 100
B (T) 6.5-10 8
R (m) 2.14 5.5
Plasma Volume, m? 27 350
P, .../Vol MW/m’) 5.6 6.2
Neutron Wall Loading (MW/m?) 2.7 4
Divertor Power Load P, ./ R,(MW/m) 20 100
Divertor Target material \\ \\

Since Snowmass, there has been significant progress made in improving the physics basis for
FIRE. Results from ongoing tokamak experiments continue to indicate that strong plasma
shaping, as present in FIRE, promotes increased H-mode confinement, enhances [ limits and
reduces the deleterious edge localized mode (ELM) to a more benign form.

The area of greatest progress on FIRE has been the development of a “steady-state” high-§ AT
configuration. The “steady-state” high-f AT configurations in FIRE rely on ICRF Fast Wave
(FW) on-axis current drive and lower hybrid (LH) off-axis current drive. The ICRF system can
provide 200 kA of current by injecting 20 MW of power with the existing two-strap antenna
design. Typical AT plasmas require less than 200 kA of on-axis current drive. Upgrades to four
strap antennas would improve the CD efficiency. Off-axis current drive in FIRE is critical for
establishing and controlling the safety factor profile, and is accomplished using up to 30 MW of
LHCD at 5 GHz. The experience developed on Alcator C-Mod advanced tokamak experiment
with lower hybrid current drive will strengthen the basis for FIRE projections.

Bootstrap and external current drive consistent equilibrium and stability analysis show that the
high-n ballooning limit for typical plasmas is x> 4.7. With no wall the ideal MHD Py limits
for n=1, 2 and 3 are 2.7, 3.6, and 4.0, respectively. With a wall located at b/a = 1.35 on the
outboard side only, the ideal MHD Py limits for n=1, 2 and 3 are 6.1, 5.3, and 5.1, respectively.
Calculations show that feedback coils, located near the front face of the shield plug in every
other mid-plane port, could stabilize the n=1 resistive wall mode (RWM) up to 80-90% of the
“with-wall” limit. The analysis of the RWM stabilization is benefiting from the experimental
progress on DIII-D. The plasma configurations targeted have safety factor values above 2.0
everywhere, so that the (5,2) and (3,1) are the lowest order neoclassical tearing modes (NTMs)
of interest. Stabilization of the NTMs using electron cyclotron current drive (ECCD) from the
low field side at the toroidal field of 6.5 T would require frequencies of 140-170 GHz, which is



close to the range of achieved values in the high-power long-pulse gyrotron R&D program. The
LHCD system could also be used to launch two spectra, one for bulk CD and the other for NTM
suppression.

H-Mode Operating Space: A wide range of H-mode plasmas have been examined using a global
systems analysis code. The major and minor radius, and elongation, triangularity and aspect ratio
are fixed at the reference ELMy H-mode inductively driven design point; R=2.14 m, a=0.595 m,
K(Xpt)=2.0, 0(Xpt)=0.7, A=3.6. The analysis used for operating point calculations incorporated
plasma power and particle balance, in addition to several other global parameter relations. .In
particular, the ITER98(y,2) scaling is assumed for the global energy confinement time. The
plasmas considered spanned the ranges: 5 < Q < 30, 5 < P,,, (MW) < 30, 1.05 < n(0)/(n) < 1.25,
0.3 = n/ng, = l,and 1.5 =< B = 3. In addition, the impurity concentrations in the plasma core were
varied over 1 to 3% for Be and 0.0 to 0.3%

for Ar, allowing higher radi‘ate‘d power Fusion Power, MW Br=10T,1p=7.7 MA
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at 150 MW with a 20 s flattop (Fig. 1), has  Fig. 1. H-Mode Operating Space in FIRE
significant margin to handle increased fusion

power. If plasmas up to the no-wall stability limit of 3y = 3 can be attained, fusion power levels
of 350 MW could be sustained for 10 s. High Q (= 15 - 30) operation could be attained for cases
with low impurity content (1-2% Be), modest density peaking n(0)/(n) = 1.25, n/ng, (0.7 — 1.0)
and H98 (1.03 - 1.1).

AT Mode Operating Space: A similar global analysis has been used to determine the operating
space for 100% non-inductive advanced tokamak modes in FIRE. An expression for the
bootstrap current fraction is included and the current drive power is given by Pcd = [nRIp(1-
fbs) /Med. The on-axis current drive is fixed at 200 kA from ICRF/FW, so that LHCD must make
up any current not driven by the bootstrap effect. The current drive efficiency used in these
scans isncd =0.2 and 0.16 A/W-m? for ICRF/FW and LH, respectively, and is based on detailed




LH and ICRF/FW analysis for FIRE. The Fusion Power, MW Br=6.5T, lp =45 MA
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power in the divertor and on the first wall P ii‘g% P (div) < 60%
resulting in 1.5 = Z < 2.3. The fraction of <35 S ':':,d <30 S
power radiated in the divertor (P,,,(div)) to <30 st <10

power exhausted into the scrape-off layer L 0 10 50 30 40 50 60

(Pyor) was allowed to vary from 10%, 30%
and 60%. The same power handling limits
were imposed as for the H-mode described
above. The nominal operating point has
150 MW of fusion power for 32 s flattop. The flattop burn times for these AT plasmas are
limited primarily by the nuclear heating in the vacuum vessel rather than TF coil heating.
Imposing these constraints, the system study found that FIRE could attain high- high-bootstrap
AT plasmas with near steady-state conditions for up to 5 Tz as shown in Fig. 2. If the vacuum
vessel/ shield was modified to withstand the nuclear heating induced stresses, the reference AT
pulse length could be extended to =50 s (5 - 6 Tr). These Q =5 plasmas require confinement
corresponding to H98(y,2) ranging from 1.4 — 1.8 similar to those required in ITER. At the
higher ranges of confinement, H98(y,2) = 1.6 — 2.0, Q = 10 plasmas are produced that have a
reduced duration of 1-3 tT.

flattop time, s

Fig. 2. AT Mode Operating Space in FIRE

Computer Simulation of Burning Plasma Phenomena

The rapid growth in computing power is enabling more realistic simulations of complex plasma
phenomena. The Scientific Discovery through Advanced Computing Program (SciDAC). simu-
lations of steady-state high-beta Advanced Tokamak plasma discharges with 100% non-
inductive current composed of fast-wave, lower-hybrid, and bootstrap currents that are sustained
for = 4tcr have been done for FIRE using the Tokamak Simulation Code. This is accomplished
by programming the heating and current-drive sources so that the inductive contribution to the
plasma current is reduced to zero by the end of the ramp up and the current profile is that desired
for AT operation. The simulations then confirm that the current profile remains unchanged for
the flat top portion (= 4tcr) of the pulse. A simulation of the plasma response to a perturbation in
the current profile (Fig. 3) produced by a drop in the lower hybrid current drive shows that the
plasma duration is sufficient to study the evolution of a fusion dominated plasma on the current
evolution time scale.



FIRE Engineering Activities

The FIRE engineering design was
reviewed in detail at Snowmass, and
the assessment team found that there
were no feasibility issues with respect
to the construction of FIRE. It was
noted that the FIRE magnet design has
the least complex magnet structure of
the three proposed burning plasma
experiments, and increased complexity
often leads to decreased reliability.

FIRE provided a detailed project cost
estimate based upon industrial vendor

and in-house quotes. The FIRE total
project cost estimate of $1.186B (FY
2002) including 25% contingency was
found to be reasonable by the
Snowmass Assessment team. The cost
estimate of the tokamak assembly
(everything inside the cryogenic dewar)
is $280 M without contingency.

There were a number of technical
issues identified at the Snowmass
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meeting that will require additional work including: power handling during ELMs and
disruptions, verify LH capability for neoclassical tearing mode stabilization, increased AT
capability and pulse length, and pulse repetition rate. FIRE has modified the design of the
toroidal field coils to include a second cooling tube that would increase the repetition rate to once
per hour at full field and pulse length. Several approaches are being investigated to increase the
number of pulses (total fusion energy yield) including a Small Business Innovative Research
Program (SBIR) to develop improved inorganic magnet insulation that would be compatible with
fusion reactor requirements. The operating space for AT plasmas has been established showing
that up to 5 tcr can be accessed within the engineering limitations of the device. Improved
disruption calculations and minor modifications to divertor/vacuum vessel support show that the
FIRE vacuum vessel and divertor hardware can withstand plasma disruptions.

FIRE Outreach Program

FIRE continued its proactive outreach program with 14 presentations at fusion institutions and
meetings, active participation in the International Tokamak Physics Activity (ITPA) , the APS
spring meeting, the APS DPP, the 18" Symposium on Fusion Engineering (8 papers), 30"
European Physical Society Conference on Plasma Physics and Controlled Fusion and the 19"
IAEA Fusion Energy Conference. In addition, the FIRE web site was maintained as a site of
FIRE documentation and information for the fusion program.

Work supported by DOE contract DE-AC02-76CH03073




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


